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 Structural heterogeneity of an electrode interface causes variation in the reactivity across 
the electrochemically active surface. Bulk electrochemical measurements are unable to parse out 
the contributions to different structural motifs and how they affect surface processes, leaving the 
spatial correlation between structure and reactivity unobtained. Furthermore, electrochemical 
measurements are incapable of performing speciation of materials, meaning an electrochemical 
technique alone would not suffice in determining the link between structure and reactivity. This 
absence of information is especially hampering in cases where the composition or structure of 
the electrode surface changes over the course of an experiment. Ascertaining the link between 
reactivity and structure therefore requires new multimodal platforms able to simultaneously 
measure site-specific electrochemical reactivity and structural properties. To accomplish this, we 
constructed a spectroelectrochemical platform of combined scanning electrochemical 
microscopy (SECM) and Raman spectroscopy. Through alignment of a laser line to the same 
location of a SECM probe, the surface of a material can be analyzed in situ by co-localized, 
temporally matched methods. We applied this setup to study electrode interfaces of interest 
including redox active colloids, modified graphene layers, and single layer graphene with 
sublayer gold nanoparticles. In each case the instrument setup afforded information only 
obtainable by coupling the two techniques, demonstrating the usefulness of a spatially resolved 
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CHAPTER 1:  
Introduction 
Sections 1.1 and 1.1.1 of this chapter were originally published in Current Opinion in 
Electrochemistry: Schorr, N.B.; Gossage, Z.T.; Rodríguez-López, J. Prospects for Single-Site 
Interrogation using In Situ Multimodal Electrochemical Scanning Probe Techniques Curr. Opin. 
Electrochem. 2018, 8, 89-95. DOI: 10.1016/j.coelec.2018.03.022. 
1.1. Abstract 
New multimodal methodologies are required to ascertain detailed information that 
correlates spatially resolved electrochemical reactivity with composition and structural motifs. 
This strategy will allow a comprehensive understanding of single reacting sites and single 
entities within bulk electrodes. Electrochemical scanning probe microscopies (EC-SPM), with 
the inherent ability to resolve site specific electrochemical heterogeneities, are the perfect 
platform to couple to techniques capable of resolving composition and structural information.  
1.1.1. Prospects  
The in situ analysis of electrochemical and structural phenomena at electrified interfaces 
has benefited from the use of combined instrumentation for over 40 years.1,2 A wealth of 
spectroscopic, mass-spectrometric, radiometric, and diffractometric techniques have opened new 
opportunities for the exploration of surface and bulk electrochemical mechanisms as an electrode 
is operated. Commonly in these studies an electrode, or an entire device such as a fuel cell or 
battery, is activated via an applied potential or current while a supporting coupled technique is 
operated on the same. Recent works that highlight the cutting edge of this approach include the 
analysis of single particles undergoing lithiation via scanning transmission X-ray microscopy 
and wide-field super resolution microscopy of single-particle reactivity via fluorescent reporters, 
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among many others.3–5 However, a drawback of this approach for the purposes of electroanalysis 
is that valuable information is lost due to spatiotemporal mismatch between the involved 
techniques. Often, the electrochemical signal reflects an average of a large active area with 
multiple reacting sites, obscuring vis-à-vis comparisons between the areas probed by the 
auxiliary technique and those contained within this signal. As new challenges in the analysis of 
reactive and transport phenomena arise at the mesoscale and on nanostructured interfaces for 
applications in energy, sensing, and biology, we believe that advancing multimodal 
electroanalysis will require developing in situ methods that obtain reactive and structural 
information simultaneously and in a co-localized fashion. Such an approach would enable the 
full characterization of single reacting sites on bulk electrodes and the construction of sensible 
structure-function correlations and electroanalytical models.   
While non site-specific analysis has been incorporated into a variety of multimodal 
approaches, electrochemical scanning probe microscopy (EC-SPM) techniques, such as scanning 
electrochemical microscopy (SECM) and scanning ion-conductance microscopy (SICM), have 
not yet experienced the same merger. EC-SPMs are of particular interest because they allow 
quantitative spatial and temporal analysis of electrochemical processes at the 
electrode/electrolyte interface. Electrochemically active probes enable the evaluation of ionic 
fluxes, of electron transfer kinetics, and help elucidate the reactivity and formation of surface-
bound intermediates.6,7 By coupling electrochemical SPMs to other techniques, limitations in 
species identification, structural determination, and chemical specificity can be alleviated. 
Specifically, a multimodal methodology with EC-SPM enables elucidation of site specific 
reactivity in heterogeneous samples, which typically dictates sample performance, correlated to 




1.1.2. Combined Raman spectroscopy and scanning electrochemical microscopy 
To create a multimodal platform capable of correlating site-specific structural and 
electrochemical properties of an electrode interface, we coupled Raman spectroscopy and 
SECM. Raman spectroscopy and electrochemical measurements have previously been applied 
for in situ measurements,9 but have suffered from a mismatch between the spatially resolved 
spectroscopic measurements and bulk electrochemical data sets.10 Raman spectroscopy has also 
been coupled to scanning probe methods such as tip-enhanced Raman spectroscopy (TERS) and 
shearforce microscopy.11,12 While TERS platforms have shown the ability to break the 
diffraction limit for Raman imaging, the probes are not suitable for quantifying electrochemical 
parameters. By combining colocalized simultaneous Raman spectroscopy and SECM a new 
multimodal platform emerges capable of acquiring otherwise unobtainable information about 
reacting sites.  
The rationalization of combining these two techniques to create a new 
spectroelectroanalytical method to characterize electrodes relies on the diverse data sets 
achievable and practicality of aligning the laser line of the Raman system and the probe of the 
SECM. A more detailed background and rational for choosing Raman spectroscopy and SECM 
are provided in the remaining sections of this chapter, with detailed account of setting up the 
combined system provided in Chapter 2. 
1.2. Raman Spectroscopy 
We chose Raman spectroscopy to serve as half of the multimodal platform because of the 
information the technique provides and the practicality of incorporating it with SECM studies. 
To obtain Raman spectra, a laser line is typically used to promote Raman scattering which 
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enables two important facets for investigating electrode interfaces: localized measurements with 
the resolution controlled by the laser and optical properties, and the ability of to probe small 
volumes. The time scale for acquiring a Raman spectrum is typically on the seconds time scale, 
dependent on the material of interest and the laser power, allowing for large data sets to be 
obtained over the course of electrochemical experiments. Raman measurements are not inhibited 
by the use of water as a solvent or the presence of SiO2, both of which are limitations in infrared 
spectroscopy, allowing measurements through glass substrates onto active materials and of 
electrodes materials in contact with aqueous solutions.13 These properties make the technique 
well suited for in situ investigations of structural motifs of electrodes. 
1.2.1. Raman Theory 
In 1928 Chandrashekhara Venkata Raman reported a modified scattering of incident light 
in liquids.14 The ‘new radiation’ Raman went on to observe universally across gases, liquids, and 
solids, now named Raman scattering after its discoverer, garnered him the Nobel prize in physics 
in 1930.15 Importance of the newly discovered phenomenon was based in the obtainable 
information from spectroscopic investigations of Raman scattering. 
Raman spectroscopy is a light scattering-based technique which provides information 
about vibrational modes of a material. When a molecule interacts with an electromagnetic field, 
typically in the visible spectrum, the electrons may be promoted to a virtual state between the 
vibrational and electronic states, before scattering light in two ways:16 one being Rayleigh 
scattering, an elastic scattering that produces photons of the same energy as the excitation source, 
the other being the inelastic Raman scattering pathways, including the lower energy Stokes 
scattering and the higher energy anti-Stokes scattering (Figure 1.1). The intensity of the Raman 
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scattering depends upon the induced dipole moment (P), which is equal to the polarizability of 
the material (α) and the electric field (E) experienced by the material: 
 
Raman experiments typically use a laser excitation source as the electric field source. 
Because the electric field generated by a laser source has a certain frequency (ν0), the 
electromagnetic wave will have a time-dependent energy: 
 
The polarizability of a material is related the nuclear displacement of atoms (q), where q0 
is the maximum vibrational amplitude and (∂α/∂q) is how the polarizability changes with nuclear 
displacement: 
 
The displacement of a vibrating molecule at a given frequency and with time is given by:  
 
The induced dipole is then equal to: 
 
The first frequency component of this equation corresponds to Rayleigh scattering (ν0), 
the second anti-Stokes (ν0+νm), and the third Stokes scattering (ν0-νm). For Raman scattering to 
occur, the change in polarizability with nuclear displacement must not be zero. Therefore, only 
vibrations that cause a change in polarizability will be Raman active. 
6 
 
For molecules with N atoms, there will be 3N-6 (3N-5 for linear molecules) vibrational 
modes.17 To represent the relationship for the induced dipole in molecules that experience E and 
P as three dimensional vector systems, a matrix form of equation is written: 
 
where the polarizability tensor is symmetric (αyx = αxy), and a vibration will be Raman active 
only if one of the tensor components changes with the vibration.  
In practice, theoretically determining if a molecule will be Raman active is typically done 
by noting the symmetry and types of bonds of the molecule. Generally the more covalent in 
nature a chemical bond, the stronger the Raman signal.16 By classifying the molecular structure 
into one of the 32 points groups, the character table for the specific point group can be used to 
identify if the compound is Raman active.17 Each symmetry species in a character table has an 
associated function, where linear functions are not Raman active and quadratic functions are 
Raman active. A similar approach using space group symmetry works for determining Raman 
activity of crystalline materials and polymers. To confirm that vibrational modes are Raman 
active, the material of interested should always be tested experimentally. 
1.3. Scanning Electrochemical Microscopy  
Utilizing an ultramicroelectrode (UME) probe, SECM enables the quantification of 
electrochemical parameters of electrode interfaces in a localized fashion. SECM has been shown 
to operate in both aqueous and organic solvents, and utilized to investigate insulators, 
conductors, semi-conductors, or combinations of materials of diverse reactivity. The diversity in 
conditions and species probeable by SECM along with its site-specific nature make the technique 
appropriate for analysis of electrochemical characteristics in a multimodal instrument. 
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1.3.1. SECM Theory 
The geometry of the UME, which are typically ≤25 μm in diameter, enables the unique 
modes of SECM.18 When solving for Fick’s second law for the time dependent flux of a species 
to an electrode of this size, it is found that the boundary conditions cause a UME to experience 
radial and linear diffusion of species to the electrode surface.19 Consequently, when a potential is 
applied to an UME to promote an electrochemical reaction, such as a reduction O + e-  R, the 
current readout will reach a steady state dictated by the equation: 
 
where n is the number of electrons transferred, F is Faraday’s constant, D the diffusion 
coefficient of the electroactive species, and C the bulk concertation of the electroactive species. 
The time for the system to reach iss is related to ~a
2/D of the experimental conditions.    
When a sufficient potential is applied to a UME to achieve a steady state current the 
probe can be lowered to the surface of a substrate of interest (Figure 1.2A). If the UME is 
brought to an insulating surface the diffusion of an electroactive species will be partially blocked 
and the current of the probe will decrease the closer the UME is to the surface, a process called 
negative feedback. Conversely, if the probe is brought to the surface of a conductor, which can 
perform the reverse electrochemical reaction, a feedback loop will be generated between the tip 
and substrate. The feedback loop increases the flux of electroactive species to the tip, producing 
a larger probe current the closer the tip travels to the substrate, which is called positive feedback. 
Measuring the UME current as a function of distance traveled to the surface, d, is known as an 
approach curve (Figure 1.2B). Using an analytical treatment established by Cornut and Lefrou,20 
the plot of an approach curve using the normalized current (i/iss) versus (d/a) may be fit a 
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dimensionless parameter K enabling the extraction of the potential dependent first order electron 
transfer rate constant, kf  for a reduction kb for an oxidation process: 
 
The standard rate constant, ko, for the electrochemical reaction is then able to be 
calculated by performing multiple approach curves with the substrate biased at different set 
potentials, and using the Butler-Volmer relationships: 
 
 
where α is the transfer coefficient, n the number of electrons, f is Faraday constant divided by the 
gas constant multiplied by temperature, E is the substrate electrode potential, and E0 the formal 
potential of the reaction.19  
Once approached to the surface of interest, the UME can be scanned over the sample in a 
raster pattern to monitor current feedback responses as a function of probe position, generating a 
SECM image. Various kinds of electrochemical reactions may be probed with SECM, and the 
information that can be ascertained is dependent on the mode of operation. Besides positive and 
negative feedback, surface interrogation (SI-SECM) and substrate generation tip collection 
(SGTC) are two valuable SECM techniques that will utilized in Chapters 3 and 6 respectively 
(Figure 1.3).   
Using SGTC electroactive species generated at an electrode are readily investigable, 
making the mode applicable to studying electrocatalytic materials. During SGTC the substrate 
generates a product and the potential of the UME is set for an electrochemical reaction to occur 
between the product and the UME (Figure 1.3B).21 Therefore, only when products are generated 
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is there an electrochemical reaction at the SECM probe, causing the current readout at the probe 
to be dependent on the reaction conditions occurring at the substrate. This generated product 
dependent current allows for investigation into substrate reaction kinetics and mechanisms. 
The SI-SECM mode is particularly useful for investigating surface intermediates, and 
provides a contactless way to probe surface species. During a heterogeneous reaction at an 
electrode interface intermediates, adsorbates, or charged species may form on the surface.8 As 
shown in figure 1.3C, in SI-SECM a known species is generated at the UME, R, that will diffuse 
from the tip to the substrate surface and react with intermediates, ϴ, covering the substrate 
electrode.22 The transient response occurring from the localized electrochemical titration process 


















Figure 1.1 Energy level diagram of light scattering processes of a molecule. hv0 is the energy of 
an incident photon, h Plank constant multiplied by v0 the frequency of the light. Energy 
differences in the Stokes and anti-Stokes scattered photons are dependent on vm, the frequency of 









Figure 1.2 Feedback modes for SECM approach curves. (A) Depiction of UME performing 
electrochemical reaction being lowered to insulating and conductive surfaces causing negative 
and positive feedback respectively. The position of the UME shown as unit less parameter L, the 
distance the probe is from the surface, d, normalized by the radius of the UME, a. (B) Plot of 
approach curves with varying K values showing regimes of negative to mixed to positive 
feedback. Curves plotted as a normalized current, tip current readout, i, divided by iss, the current 











Figure 1.3 Depictions of three operating modes of SECM. (A) Feedback mode where the tip is 
performing a O + ne-  R reaction and the substrate is performing the reverse R + ne-  O 
reaction from R that diffuses from the tip to the surface. (B) SGTC where the substrate is 
generating a product, O, which diffuses to the UME and reacts to form R. (C) SI-SECM showing 
a species R generated from O at the UME, where R then diffuses to the substrate surface and 
interacts with ϴ. A feedback loop is generated between the substrate and the surface while there 
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CHAPTER 2:  
Construction of Raman-SECM Instrumentation 
2.1. Abstract 
We combined Raman spectroscopy and scanning electrochemical microscopy (SECM) to 
implement a multimodal instrument (Raman-SECM) for site specific correlation between 
vibrational and electrochemical information. The configuration of the optics and components of 
the SECM were chosen to optimize the setup functionality, ease of use, and operation of the 
SECM by non-Raman-SECM users. The principle components of the Raman-SECM setup were 
a commercially purchased SECM from CH Instruments and optics obtained primarily from 
Thorlabs and Semrock. All work in this chapter was accomplished by Noah B. Schorr under the 
primary investigator Professor Joaquín Rodríguez-López with addition help by Dr. Xuan Zhou 
who contributed to the described work in section 2.2.1. 
2.2. Initial Implementation of Raman-SECM I 
In designing and acquiring the components for the Raman-SECM the desired spatial, 
temporal, and materials probeable were all considered. For all Raman-SECM measurements the 
data collection needed to be simultaneous and colocalized. All acquired optical components were 
capable of focusing the laser to ≤1 µm to match the spatial resolution of SECM probes typically 
used in the laboratory. To enable measuring solid electrode interfaces a 532 nm laser was chosen 
to promote high intensity Raman signals, while not causing large background fluorescence from 
electronic transitions in molecules. A commercial spectrometer was chosen to allow second to 
millisecond scale data acquisition so the structural properties of electrodes would be monitorable 
in situ during electrochemical experiments. Appendix A lists all specific part numbers for 
purchased optical components. The CHI SECM was chosen for its bipotentiostat capable of low 
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current monitoring (pA) and nanometer probe positioning capabilities, along with the additional 
benefit of being able to remove the x-y-z stepper motor components for increased 
customizability. 
2.2.1. Construction of Raman-SECM I 
 The first iteration of a combined Raman-SECM was designed to consist of two objectives 
components aligned to the SECM as pictured in Figure 2.1. Outside of a custom-built Faraday 
cage secured on a floating optical table, a Melles Griot solid state continuous wave 532 nm laser 
served as the light source for Raman scattering. Mounted on a micropositioner, the laser source 
was oriented for emitted light to travel parallel to the optical table. A mechanical shutter 
(Thorlabs) was installed immediately after the laser to block the laser line when not in use. The 
laser line then passed through a passage that could hold a neutral-density filter (Thorlabs) to 
change the laser power. The laser was then reflected of a broadband mirror (all broad band 
mirrors acquired from Thorlabs) and through a small hole in the Faraday cage onto another 
mirror. This mirror is positioned at a ~45° angle to direct the laser line upwards, perpendicular to 
the optical table, onto a mirror mounted above the previous mirror. The mirrors are holstered by 
kinematic mounts with adjustments screws (Thorlabs) for varying the angle and position of the 
reflected laser. From the higher mirror the laser line travels down at a 45° through a bandpass 
filter (Semrock), to limit influence of diverging wavelengths, and into a 10x objective 
(Mitutoyo). This objective focuses the laser line to the sample of interest. The bandpass filter and 
objective are attached through a 30 mm cage system (Thorlabs) held in place by an angle 
adjustable mount (Thorlabs). Lens tubes (Thorlabs) were used to shield optical components in 
the cage system to stop particulates and stray light from interacting with the components. The 
entire mount is screwed into a platform on a post (Newport) enabling z-direction positioning of 
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the objective. The post is secured on a micropostioner allowing for the movement of the post 
between the rear and front of the Faraday cage.  
Scattered light produced from the interaction of the focused laser on the sample is 
collected by a second objective (20x, Edmund Optics). Light traveling through the second 
objective is then focused through a biconvex lens (all lenses purchased from Thorlabs). The 
center of the two slits are positioned after this lens at the focal distance of the lens. After the slits 
the light comes to a 10:90 partially reflective mirror mounted at a 45° angle within a cage cube 
(Thorlabs). The ~10% of reflected light is focused by another biconvex lens onto a digital 
camera (Thorlabs) positioned twice the focal length away from the lens. The light transmitted 
through the partially reflective mirror passes through a notch filter (Semrock) to help eliminate 
the remaining laser wavelength frequency. A biconvex lens then focuses the remaining light into 
a fiber optic leading to a spectrometer (Ocean Optics) used to collect Raman spectra, completing 
the Raman microscope system. Similar to the objective used for the sample excitation, the 
collection optics are connected through a 30 mm cage system held in place by an angle 
adjustable mount (Thorlabs), screwed into a platform on a separate post (Newport) enabling z-
direction positioning of the objective. Specific part numbers of the components used for the 
Raman setups described in this chapter can be found in appendix A. 
2.2.2. Data Collection 
 To validate the optical setup could acquire Raman spectra, we attempted to collect a 
Raman spectrum. With alignment of the excitation objective and collection objective to graphene 
on a silicon wafer, the laser was directed onto the sample. Focusing was accomplished by 
viewing the sample by the digital camera attached to the collection optics. As seen in Figure 2.2, 
a spectrum was taken of the graphene sample by the established instrumentation.  
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 For a true Raman-SECM experiment, the Raman setup needed to be able to acquire 
spectra during and electrochemical experiment. To investigate whether the setup would be able 
to accomplish this we attempted to observe the oxidation of a graphene sample. A platform 
attached to a micropositioner served as a sample stage where a three-electrode setup and 
electrochemical cell with graphene was present (Figure 2.3A). We used chronoamperometry to 
apply a series of potentials to the graphene while taking simultaneous Raman spectra. After each 
successive applied potential a change in the Raman spectrum occurred (Figure 2.3B). Observing 
a change in the spectroscopy by electrochemically induced events showed the Raman system 
would be useful for monitoring electrode interfaces. 
2.2.3. Drawbacks of Raman-SECM I  
 Multiple design elements of the first iteration of the Raman setup made achieving an 
operational Raman-SECM instrument onerous in practice. The most difficult challenge was in 
alignment of the two objectives to the same x-y-z location on samples. Often optic components 
were dismounted due to the shared use of the SECM in the Faraday cage, causing timely 
alignment at the beginning of each experiment. These alignment issues were compounded by the 
task of trying to align both objectives to the same position of the microelectrode probe of the 
SECM, which could change in any direction during or across experiments. 
 Using this geometry of optics also gave rise to various other challenges for combined 
Raman-SECM experiments. The objectives had to have a long working distance, increasing their 
size and limiting the space for electrochemical cells to be situated on the SECM stage. In this top 
down configuration, the laser line needs to pass through the solvent of the cell, potentially 
leading to large solvent backgrounds and harder alignment due to refraction. Overall, the 
20 
 
constructed optical system is both not user friendly for those wishing to conduct Raman 
measurement or use the SECM independently.  
2.3. Implementation of Raman-SECM II 
2.3.1. Construction of Raman-SECM II 
To achieve a system where the laser line could be readily aligned to the UME of the 
SECM and avoid many of the pitfalls of the first Raman spectroscopy system, an inverse Raman 
microscope geometry was chosen for the optical system. The assembled instrumentation seen in 
Figure 2.4 highlights the essential parts. Many of the components of the Raman-SECM I were 
incorporated into the Raman-SECM II; new components for the second iteration will be 
indicated in parentheses.  
 In the new setup the laser line passes through the bandpass filter, density filter, and the 
mechanical shutter before being directed through the hole of the Faraday cage by a broadband 
mirror. A 45° mirror positioned in the Faraday cage then directs the laser line upwards, 
perpendicular to the optical table. Both this mirror and the previous are holstered by kinematic 
mounts with adjustments screws for varying the angle and position of the reflected laser for 
optimal trajectory. 
Once reflected upward, the laser line enters the optics responsible for excitation of a 
sample and subsequent collection of the emitted light. A 30 mm Thorlabs cage system was used 
to hold and align these optics, where the entire cage system was held by high-precision rotation 
mount on an x-y-z-micropositioner to enable fine adjustments for alignments and focusing. First 
the excitation laser line passes through a short pass dichroic filter (Semrock) mounted at a 45° 
angle within a cage cube and then through an objective which focuses the laser line to the sample 
of interest. The inverse geometry allowed for changing objectives with different magnifications 
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or working distances to satisfy the demands of specific experiments. The scattered light is then 
collected by the same objective and channeled to the dichroic filter which reflects the shorter 
wavelength Stokes scattered light parallel to the optical table.  
The scattered light is focused through a biconvex lens through two adjustable mechanical 
slits, where the slits aperture is positioned to be the focal distance (1f) away from the lens. After 
the slits the light comes to a 10:90 partially reflective mirror mounted at a 45° angle within a 
cage cube. The reflected light (~10%) is guided towards another biconvex lens which focuses the 
light onto a digital camera positioned 2f away from the lens. The camera is held to the cage 
system by an x-y translation mount allowing for positioning of the camera to center on the 
produced image. This camera enables visualization of a sample through the objective and the 
focusing of the laser line, along with the alignment of the laser line a SECM probe. The 
remaining ~90% of transmitted light is then focused through another biconvex lens that focuses 
the light through a notch filter and into a fiber optic situated at the focal distance of the lends. 
The fiber optic is held by another x-y translation mount to optimize fiber optic positioning. The 
other end of the fiber optic leads to the same spectrometer used in the previous Raman system, 
completing the inverse Raman microscope system. 
A desirable ability taken into account when we were designing an improved multimodal 
platform was performing simultaneous Raman and SECM imaging, not just a single point 
colocalized measurements. This required a sample stage to move independently of either the 
UME or the laser line to ensure alignment between the two was never jeopardized. Instead of 
purchasing a new motorized stage component to be integrated in the system, the commercial 
SECM was disassembled into two sections: one being the z-direction stepper motor that also 
holds the piezo motor and tip holder, and two, the x-and y-direction stepper motors. A sample 
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stage was then fastened to the x-y-stepper and the z-stepper mounted to position the tip above the 
sample stage. The SECM CHI software was then able to control both the bipotentiostat for 
electrochemical experimentation and the positioning of the sample stage. 
To align the SECM tip and the laser line, the combined z-stepper motor and tip holder of 
the SECM was mounted on a micropositioner stationed on a platform situated above the 
objective. The sample stage on the x-y-stepper was held in place by two posts within two post 
holders (Thorlabs) on a track fastened to the stepper motors. The posts enable z-direction 
adjustments to the sample stage and the track enables y-direction movement so the openings of 
the sample stage would always have the objective centered. For setting the position of the z-
stepper of the SECM, a fiber optic was placed in a capillary and held by the tip holder to be 
aligned with the laser line. Optimal placement was ensured by leading the fiber optic to a digital 
power meter (Thorlabs) and positioning the platform with the z-stepper to maximize the power 
output (Figure 2.5A). For conducting Raman-SECM experiments, first the UME was approached 
to a surface, then the laser was aligned to the same location of the UME probe by adjusting the 
micropostioner holding the cage system with the optics and the micropositioner with the z-
stepper of the SECM (Figure 2.5B). To ensure the laser line remained aligned within the optical 
system, the angle and position of the laser line were adjusted by maneuvering the screws of the 
kinematic mirror mounts below the cage system and outside the Faraday cage.  
2.3.2. Necessity for New UME Probes  
 An unforeseen consequence of using an inverse microscope geometry for the Raman-
SECM was the high background signal produced by UMEs at a sample surface. This high 
background, which can be seen in Figure 2.6A, was primarily due to the laser line reflecting and 
scattering off the silver epoxy used in typical UMEs to make connection to the working electrode 
23 
 
wire. To remedy this interference, a methodology for probe fabrication was used to darken the 
inside of the UME.  
2.3.3. Fabrication of Suitable UME Probes  
 All solid reagents were of analytical grade and were used without further purification. 
The electrodes were fabricated using platinum wire (99.95%, 0.025 mm radius) purchased from 
Alfa Aesar, carbon paint (CCC Conductive Carbon Cement) purchased from SPI Supplies. Silver 
epoxy was prepared by mixing silver conductive epoxy (TED PELLA, H20E Epo-Tek) Part A-
resin and Part B-hardener in 1:1 ratio. The etch solution was prepared by mixing 30% of 
saturated CaCl2 and 10% of HCl (Macron Fine Chemicals) by volume and diluted with millipore 
deionized water. Saturated CaCl2 was prepared using calcium chloride dihydrate (99%) from 
Sigma Aldrich. The capillary tubes (4 in Patch Clamp GL, 1.5 mm OD) were purchased from 
Precision Instruments. The capillaries were pulled and sealed using Narishige PE-2 puller. 
An apparatus was set up where \approximately 25 mm of Pt wire was connected to an DC 
transformer (Staco Energy Products Co.) while a carbon rod was connected as the anode in the 
etch solution. The transformer was set to 2.8 V at the 120 V mode using a voltmeter (Fluke). The 
wire was dipped ~10 mm into the etch solution repeatedly, while decreasing the dipping 
distance. The etching process was terminated when it became difficult to visualize the end of the 
etched tip. The etched wire was inserted into a pulled capillary and sealed up to ~10 mm from 
the start of the wire while ensuring there was still exposed wire within the capillary to make 
electrical connection. The sealed electrode was then filled using syringe with conductive carbon 
paint. The electrodes were placed in the vacuum oven (Precision, Model 19) at a temperature of 
95°C under vacuum for overnight. The carbon coating process was repeated until the carbon 
coating completely darkened the capillary walls. Silver epoxy was then injected into the capillary 
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and a stripped wire was inserted into the electrode to establish a connection to the sealed wire. 
The assembled electrode was then placed into a vacuum oven under 95°C until the Silver epoxy 
has solidified (approximately overnight). Sharpening and polishing of the UME was then 
performed in the same fashion as UMEs without the darkening procedure.  
2.3.4. Fabrication of Suitable UME Probes  
Compared to the undarkened UME, the darkened UME (Figure 2.6B) did not produce a 
large background when aligned with the laser line at a sample surface (Figure 2.6C). With these 
probes and the in-lab constructed Raman-SECM instrument, simultaneous site-specific 
electrochemical and spectroscopic data was ready to be taken. 
2.3.5. Data Collection with Raman-SECM II 
 The described instrumentation was used for the collection of Raman data in Chapters 3 
and 4 of this dissertation. Specifics about the parameters for data acquisition are also described in 
these chapters. 
2.4. Implementation of Raman-SECM III  
2.4.1. Construction of Raman-SECM III 
 A third improvement to the optics was undertaken to increase the ease of aligning the 
laser line and UME. To accomplish these, we initiated two main changes to the setup. First the 
short pass dichroic filter was replaced with a long pass dichroic filter (Semrock). Second another 
micropositioner was placed below the micropositioner with the z-stepper of the SECM.  
Similar to the Raman-SECM II, the laser line passes through the bandpass filter, density 
filter, and the mechanical shutter before being directed through the hole of the Faraday cage by a 
broadband mirror. A mirror held by a post within the cage is positioned at a ~45° angle that 
directs the laser line upwards, perpendicular to the optical table, where the light is then reflected 
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off a second mirror held by the post. Both this mirror and the previous are holstered by kinematic 
mounts with adjustments screws for varying the angle and position of the reflected laser. The 
mirror situated higher up on the post is angled to reflect the laser line to travel parallel to the 
optical table.  
The reflected light then travels toward the optics responsible for excitation of a sample 
and subsequent collection of the emitted light. Like the Raman-SECM II, a 30 mm Thorlabs cage 
system was used to hold and align these optics, where the entire cage system was held by high-
precision rotation mount on an x-y-z-micropositioner to enable fine adjustments for alignments 
and focusing. The laser line traveling parallel to the table is reflected upwards perpendicular to 
the table by the long pass dichroic filter (Semrock) mounted at a 45° angle within a cage cube. 
The reflected light is then focused through an objective to the sample of interest. By reflecting 
the light with the dichroic the optical system can be moved along the axis of the incoming laser 
line without requiring the adjustment of mirrors to keep proper alignment of the laser passing 
into the objective. This freedom of movement, without causing a diverging laser line, facilitates 
easier alignment of the laser line with the UME probe. 
 The scattered light is then collected by the same objective and passes down through the 
dichroic filter. Traveling down the light passes through the adjustable slits before reaching a 
10:90 partially reflective mirror positioned at a 45° angle in a second cage cube. Similar to the 
previous Raman-SECM iterations, the reflected light is directed through a biconvex lens to a 
digital camera positioned 2f away and held to the cage system by an x-y translation mount. The 
transmitted light is focused by a biconvex lens through a notch filter and into a fiber optic held 
by a translational mount situated at the focal distance of the lens. The fiber optic leads to the 
same spectrometer as the previous Raman systems.  
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Little modification was done to the SECM portion to complete the Raman-SECM III 
setup. To alleviate some of the difficulty of aligning the UME and laser line, a second 
micropositioner was added to the platform of the z-stepper motor of the SECM. This enables the 
tip to be moved in the x and y directions so alignment to the laser can be achieved without the 
burden of changing the angle or positioning of the laser by adjustments to the threaded screws of 
the kinematic mounts. Like the Raman-SECM II the sample stage is held by two posts in holders. 
This configuration also enables movement of the sample stage in the z-direction, allowing the 
sample to be raised or lowered close to the focus point of the objective.  
2.4.2. Data Collection with Raman-SECM III 
 The described instrumentation was used for the collection of Raman data in Chapter 6 
and 7 of this dissertation. Specifics about the parameters for data acquisition are also described in 














2.5. Figures  
 
Figure 2.1 Photograph of in-lab constructed Raman-SECM I inside Faraday cage. Numbers 
associated with following component, (1) Hole in Faraday cage through which laser travels, (2,3) 
broadband mirrors in kinematic mounts, (4) bandpass filter, (5) 10x objective, (6) adjustable 
mount, (7) post on micropositioner, (8) 20x objective, (9) lens 75 mm focal length, (10) 
adjustable slits, (11) partially reflective mirror in cage cube, (12) lens 30 mm focal length, (13) 
digital camera, (14) notch filter, (15) lens 25 mm focal length, (16) fiber optic input (fiber optic 
not present in photograph), (17) adjustable mount, (18) post on micropositioner, (19) SECM, 
(20) Sample stage. Cage plates were used to holster optics and attach to the construction rods of 




Figure 2.2 Raman spectrum of graphene material taken to validate the optical setup shown in 


















Figure 2.3 Spectroelectrochemical measurements of graphene sample. (A) Photograph of the 
two objectives of the Raman system focused to a substrate in an electrochemical cell. A three-
electrode setup was used, cell is coated with Pt and serves as the counter (red lead), Ag/AgCl 
reference (not pictured), graphene connected to Cu tape as working (green lead). Cell in filled 
with 0.1 M KNO
3
 as supporting electrolyte. (B) Raman spectra taken after 200 s 
chronoamperometric tests. Key corresponds to applied potential, stating with 0.75 V, ending with 





Figure 2.4 In-lab constructed Raman-SECM II. (A) Photographs of Raman-SECM setup taken 
from two perspectives. Numbers associated with following component, (1) Laser, (2) Shutter, (3) 
Filter, (4) density filter, (5,6) broadband mirror, (7) cube with dichroic filter, (8) 20x objective, 
(9) lens 25 mm focal length, (10) adjustable slits, (11) partially reflective mirror in cage cube, 
(12) lens 30 mm focal length , (13) digital camera, (14) notch filter, (15) fiber optic input (fiber 
optic not present in photograph), (16) UME tip holder and z-direction stepper motor of SECM, 
(17) x-y-direction stepper motors of SECM, (18) sample stage. Cage plates were used to holster 
lenses and attach to the construction rods of the 30 mm cage systems used for the optics held by 
the micropositioner. Adjustment to mounts for 5,6 were used to properly align laser through the 
objective. (B) Diagram of optics 7-15 described in A. All optics in figure are situated on a 















Figure 2.5 Pictures of alignment between laser line and tip holder of the SECM. (A) Alignment 
of laser line to pulled capillary containing fiber optic that leads to power meter. Inset shows 
configuration at lower laser power. (B) Top, UME visualized by the digital camera of the optical 























Figure 2.6 Normal versus darkened UMEs (A) Spectra taken with undarkened UME at surface 
versus without UME at surface. (B) Photograph of normal UME, left, and darkened UME, right. 




















Figure 2.7 In-lab constructed Raman-SECM. (A) Picture of Raman-SECM III setup. Numbers 
associated with following component, (1,2) broadband mirror(s), (3) cube with dichroic filter, (4) 
50x objective, (5) adjustable slits, (6) partially reflective mirror in cage cube, (7) lens 30 mm 
focal length, (8) digital camera, (9) notch filter, (10) fiber optic input, (11) x-y-direction stepper 
motors of SECM, (12) sample stage, (13) UME tip holder and z-direction stepper motor of 
SECM. Optics 3-10 are held by mount on a micropositioner for laser alignment and focusing. 
Cage plates were used to holster lenses and attach to the construction rods of the 30 mm cage 
systems used for the optics held by the micropositioner. Adjustment to mounts for 1,2 were used 
to properly align laser through the objective. (B) Diagram of optics described in A. All optics in 












CHAPTER 3:  
Interrogating Charge Storage on Redox Active Colloids via Combined Raman 
Spectroscopy and Scanning Electrochemical Microscopy  
This chapter is adapted to highlight the spectroelectrochemical investigations from work 
published as an original research article in Langmuir: Gossage, Z.T.‡; Schorr, N.B. ‡; Hernández-
Burgos, K.; Hui, J.; Simpson, B.H.; Montoto, E.C.; Rodríguez-López, J. Interrogating Charge 
Storage on Redox Active Colloids via Combined Raman Spectroscopy and Scanning 
Electrochemical Microscopy. Langmuir. 2017, 33, 379455-9463. DOI: 
10.1021/acs.langmuir.7b01121. ‡ indicates equal contribution. Experimental data, excluding 
synthesis, presented in this chapter was collected and written about by Noah B. Schorr under the 
primary investigator Professor Joaquín Rodríguez-López. Theoretical fitting in Figure 3.9 was 
done by Dr. Kenneth Hernández-Burgos.  
This chapter was adapted with permission from the American Chemical Society, copyright 2017. 
3.1. Abstract 
Redox active colloids (RACs) are dispersible, cross-linked polymeric materials, which 
incorporate a high concentration of redox-active motifs, making them attractive for next-
generation size-exclusion redox flow batteries. In order to tap into their full potential for energy 
storage, it is essential to understand their internal charge mobility, capacity, and cyclability. By 
using Raman Spectroscopy coupled to Surface Interrogation SECM, we further evaluated their 
reversible charge and discharge properties within monolayer films of 80 and 135 nm sized 
RACs. Most notably we have confirmed that the concentration and charge/discharge mechanisms 
are essentially unchanged when varying the RAC size. As expected, we see that larger particles 
inherently require longer times for electrolysis independent of the methodology used for their 
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study. The combined methodology presented here sets an important analytical precedent in 
decoupling the charge storage properties of new bulk materials for polymer batteries starting 
from probing low-dimensional assemblies using spectroelectrochemical approaches (Figure 3.1).   
3.2. Introduction 
Polymeric redox active colloids (RACs) are emerging energy storage materials that 
combine size tunability, a defined spherical geometry, and high charge capacity, making them 
attractive for size exclusion battery approaches.1 Balancing charge accessibility in RACs while 
improving their size-exclusion by means of increasing their volume, requires a careful evaluation 
of rate, cyclability, and internal redox-active component concentration. Because RACs rely on 
long-distance intra-particle charge transfer, reliable access to their maximum charge requires 
efficient charge mobility with minimization of undesirable charge trapping.1,2 Charge diffusion 
in RACs is dominated by electron hopping between redox units on the polymer chain with 
associated counter-ion and solvent transport.3-5 Diffusional processes can be evaluated in 
deposited redox active polymer films3,6 or in solution.1,5,7-10 However, many methodologies for 
investigating extended redox networks convolute diffusion parameters with concentration, 
making it difficult to precisely acquire them.  
Viologen-containing RACs are particularly interesting not only because of their potential 
applications in all-organic polymer batteries, but also because they can be conveniently probed 
using simultaneous redox and spectroscopic approaches.1 The ethyl viologen pendants of RACs 
can exist in three oxidation states, undergoing  reversible and sequential electron transfers, first 
from the native state (V2+) to the radical cation (V+·) and then to the neutral form (V) (Figure 
3.2).11,12 Here, we apply Raman spectroscopy to contrast different modes of charge accessibility.   
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We further employed in situ spectroelectrochemical measurements to decouple diffusion 
and concentration and evaluate charge movement within RACs. Coupling surface-interrogation 
SECM (SI-SECM) to Raman spectroscopy enables us to comprehensively study the charge 
transfer mechanism in RAC monolayer films (Figure 3.3). Viologen derivatives have multiple 
Raman-active peaks that allow structural changes to be observed during the reduction to the 
radical cation and neutral form.11,12,16-18 A strong resonance Raman signal from V+· arising from 
an absorption region (540 nm) near the excitation wavelength (532 nm), allows monitoring of the 
signal on non-noble electrode surfaces, circumventing the need for surface-enhancement.17 
Raman spectroscopy has previously been coupled to shear force SECM,19 but this is the first time 
that SECM measurements have been used in-situ with Raman spectroscopy with the intention of 
monitoring transient processes.   
 SI-SECM is a powerful method for studying concentration within RAC films because it 
bypasses the need for electrode contact to the particles. Instead, it relies on the mediation by a 
redox species to fully access the interior of the particle’s redox loading. This technique has been 
applied for the titration and quantification of surface-confined redox active species and polymer 
films.2,20,21 SI-SECM discharge experiments following direct charging with an electrode (Figure 
3.3) illustrate the differences in the efficiency of charge accessibility.  
These localized measurements do not suffer the same assumptions necessary for bulk 
electrochemical methods, thus providing reliable metrics to evaluate the extent and rate of charge 






3.3. Experimental Section 
3.3.1. Chemicals and Reagents 
 Ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%) was purchased from commercial 
sources and used as received as redox mediators for the SECM experiments. Potassium chloride 
(KCl, (BDH, 99%)) and HPLC grade water (Macron) were used for all aqueous experiments. 
RAC particles containing PF6
- counter-ions (80 ± 11 nm, 135 ± 12 nm) were prepared as 
described previously.1 SECM platinum ultramicroelectrodes probes (Goodfellow, purity 99.9%, 
12.5 μm radius) were prepared as described in previous reports.22, 23 
3.3.2. Substrate Preparation 
Indium tin oxide (ITO) coverslips (SPI 15-30 Ω) were used as conductive substrates. 
Monolayer measurements on ITO substrates were prepared using an air-liquid interface method 
described in a previous publication.1 Briefly, a solution of RACs was prepared in acetonitrile (3 
mg/mL) and sonicated. A small volume (40 μL) of the RAC suspension was dispensed on top of 
water in a small glass trough. After 24 hours, a substrate was pressed through the monolayer 
floating on the water and allowed to dry for 12 hours. 
3.3.3. In Situ Raman Spectroscopy Coupled to SI-SECM 
The Raman microscope used in this study is an in-lab constructed inverted configuration 
setup (Figure 3.4). Incorporation of a Raman microscope to an SECM was accomplished as 
follows. The laser line from a 532 nm diode laser (Melles Griot) was first directed through 532 
nm bandpass filter (Semrock). The filtered laser line was then passed through a short pass 
dichroic beamsplitter (Semrock). The beam line was then focused to the sample by a 20x long 
working distance objective 0.42 NA (Mitutoyo). For Raman SI-SECM measurements the UME 
was approached to the surface, and the laser focused to the same region using micro positioners. 
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Scattered light was collected by the objective and reflected off the dichroic filter and focused 
through two adjustable mechanical slits opened to 5 x 5 µm (Thorlabs) onto a 10:90 partially 
reflective mirror (Semrock). Reflected light was focused onto a CCD camera (Thorlabs) for 
sample visualization. Transmitted light was directed through a 532 nm notch filter (Semrock) 
and then focused to a fiber optic leading to a spectrometer (Ocean Optics QE Pro).  
Raman-SECM measurements were made on 80 and 135 nm RAC monolayer films on 
ITO. A Pt wire as the counter electrode and a Ag/AgCl reference electrode (CH Instruments, 
Inc.) were used for all Raman-SECM measurements. 0.5 mM FcMeOH was used as a redox 
mediator and titrant with 100 mM KCl as the supporting electrolyte in water. For 
chronoamperometric charging and discharging of film RAC films, a potential of -0.6 V vs 
Ag/AgCl was applied to the ITO substrate for 99 s to reduce the RAC film to V+·, then 0 V vs 
Ag/AgCl was applied for 99 s to oxidize the RAC film back to V2+. For SI-SECM measurements 
a Pt UME was approached to the film surface using FcMeOH and negative feedback (Figure 
3.5). Once approached to the surface, CA was performed with the microelectrode to determine 
the steady-state current from the redox mediator under negative feedback conditions. A potential 
of -0.6 V vs Ag/AgCl was then applied to the ITO substrate for 30 s, CA charge/discharge 
experiments showed that 30 s was sufficient to fully charge monolayer film, reducing the RAC 
film to the V+· state. The film was then titrated by FcMeOH+ formed at the microelectrode tip 
while it recorded the current.  
Raman measurements were taken continuously for all electrochemical measurements 
with an acquisition time of 3 s for each spectrum unless otherwise specified. The measurements 
were taken in solutions covered with Parafilm that were purged with argon and left under an 
argon positive pressure blanket to avoid oxygen interference. 
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3.4. Results and Discussion 
3.4.1. Spectroelectrochemical Measurements 
In order to rule out contributions from charge trapping we turned to a method that does 
not require physical contact with an electrode. We found SI-SECM to be ideally suited for this 
determination, in addition its coupling with Raman spectroscopy enables a direct monitoring of 
compositional changes upon reversible charge and discharge in RACs. We performed in situ 
Raman spectroscopy simultaneously with chronoamperometry and SI-SECM on 80 and 135 nm 
RAC monolayer films, which are expected to have a similar density and substitutional yield of 
redox motifs as the larger RAC particles. 
We first analyzed the redox behavior using a conductive ITO substrate. Before any 
potential was applied to the film, there were no visible Raman peaks. From spectra taken during 
CV, and starting at a potential of -0.35 V vs. Ag/AgCl,  the 135 and 80 nm RAC films displayed 
rapid appearance and growth of Raman active vibrational modes which are associated with the 
radical cation viologen moiety (Figure 3.4c).16, 17, 28 The high baseline intensity of the 1660 cm-1 
vibrational mode originates from the weak Raman scattering from water. Other than changes in 
intensity, the Raman spectra showed no variation in peak position or full width half maximum 
intensity (Figure 3.6). The similar trend between vibrational modes in peak growth and decay 
allowed us to select only the strongest peak (1530 cm-1) to monitor the behavior of the viologen 
pendant. The return to baseline of the Raman signal upon the reverse scan of the CV indicates 
that all of the generated radical cation is reduced to the native state. This result supports the idea 
that there is little to no charge trapping present in RACs.  
Following the Raman signal during the chronoamperometric reduction of the RAC films 
the intensity reaches a maximum and plateaus as seen in Figure 3.4e and Figure 3.7. The leveling 
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of intensity suggests that all viologen pendants are in the radical cation state. Upon application of 
an oxidative potential the signal returns to baseline, again supporting there is no charge trapping 
in this system. The radical cation state under an inert atmosphere was found to be stable for the 
time scale of all experiments, so return to baseline intensity is likely not caused be interference 
with O2. 
The oxidation of the RAC films was evaluated by titration using SI-SECM (Scheme 3.1, 
Figure 3.8). By aligning the SECM tip to the area interrogated by the focus of the objective, we 
were able to follow the intensity of the 1530 cm-1 peak over time during a titration with tip-
generated FcMeOH+ (Figure 3.8a,b). This film oxidation can be induced by using a redox 
species with a sufficiently positive redox potential.2 The oxidized form of redox species, 
FcMeOH+, will have a large rate constant when interacting with reduced viologen due to their 
large ΔE0 (~700 mV).  
The titration process elicits a linear decay of the normalized intensity of the 1530 cm–
1 peak over time for the 80 and 135 nm RAC films. A linear decay is consistent with the rate of 
oxidation of the film controlled by a constant flux of titrant generated at the tip. When comparing 
the slopes for the 80 and 135 nm RAC films, their ratio was 1.691 ± 0.0086. Differences in the 
slope of the normalized Raman intensities versus time are expected since larger particles contain 
a greater number of redox sites, therefore taking longer to titrate. Multiplying these slopes by the 
diameter of the particles yields −1.121 and −1.127 for the 135 and 80 nm RACs, respectively. 
This agreement implies that the intraparticle concentration of redox active units is equivalent for 
both particle sizes, which is supported by simulations of the monolayer film CVs (Figure 3.9). 
With the aid of Raman spectroscopy, we conclude that both methods of accessing charge, i.e., 
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direct electrode contact and chemical titration, were able to confidently monitor redox processes 
in RACs. 
3.5. Conclusion 
Direct in situ spectroelectrochemical measurements on monolayer films indicated that 80 
and 135 nm RAC particles have the same concertation of intra-particle redox active units as the 
larger particles, strongly supporting the scalability of the modular synthetic methods reported.  
However, differences in the measured diffusion of charge were found to be mainly dependent on 
colloid size only for the 80 and 135 nm RACs. The similar calculated diffusion coefficient in 
these smaller RACs encourages us to evaluate the impact of cross-linking strategies and potential 
differences in RAC structure triggered by the synthesis procedure for small and large RACs. 
Improving the diffusion coefficient in smaller RAC particles would overall have a profound 
impact in the rate of charge and discharge, while still retaining the desirable size-exclusion 
properties observed for large polymers on commercial porous separators.1,7 The use of powerful 
spectroelectrochemical approaches used here provides us with a strong confirmation of previous 
observations1 which would otherwise remain obscured by experimental artifacts arising from 
solution resistance and experimental uncertainties.  
Insights into the charging mechanism of RACs were provided by Raman spectroscopy, 
which confirmed negligible charge trapping in RACs by conveniently using the viologen motif 
simultaneously as a redox and spectroscopic probe. Its combination with localized 
charging/discharging of monolayer films monitored by SI-SECM was also useful to determine 
that 80 nm and 135 nm RACs displayed a similar concentration of redox motifs. SI-SECM 
proved a useful technique for probing the titration of RACs, setting an important precedent for 
the use of this technique in cases where imperfect contact with the electrode introduces 
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experimental uncertainties. Our combined spectroelectrochemical toolset adds new capabilities 
in the study of colloids and nanomaterials for charge storage, enabling insightful comparisons to 
their bulk behavior and bringing new opportunities to inform the formulation of design 
hypothesis to improve charge storage performance.   
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3.7. Figures, Scheme, and Table 
 

























Figure 3.3 Simultaneous spectroscopic and electrochemical monitoring of RAC monolayer films 



















Figure 3.4 (a) Schematic of instrumentation for in situ spectroelectrochemical measurements. 
(b) 5 mV/s CV of 135 nm RAC monolayer film on ITO. (c) Normalized peak intensities of 
Raman spectra of 135 nm RAC monolayer film on ITO taken during 5 mV/s CV shown in C 
with 10 s acquisition time. (d) CA 99 s charge, orange, and discharge, blue, of 135 nm RAC 
monolayer film on ITO. (e) Normalized intensity of 1530 cm-1 peak during charge and 






Figure 3.5 Approach curves to (a) 80 nm and (b) 135 nm monolayer films on ITO with fittings 
using a kf (4 x 10
-4 cm/s). A Pt UME (12.5 um, RG = 3) was used in an aqueous solution 



















































Figure 3.7 Raman tracking of the CA charging and discharging of an 80 nm RAC film on ITO. 
(a) Matrix plot of the viologen peaks during CA. Reduction begins at 0 s, black line indicated the 














Scheme 3.1 Electrochemical Reactions Involved in Raman Coupled SI-SECM of RAC Films. 
Reaction (a) is the reduction of a RAC film deposited on an ITO surface. Reactions (b) and (c) 
are the production of titrant species FcMeOH+ at the microelectrode and subsequent reaction 
































Figure 3.8 (a) 1530 cm–1 peak intensity during titration of 135 nm RAC monolayer film. Slope = 
−0.0083 s–1. (b) 1530 cm–1 peak intensity during titration of 80 nm RAC monolayer film. Slope = 
−0.01409 s–1. All error bars and baselines are representative of standard deviation for n = 4 
measurements taken at different locations on monolayer film. Baselines are average of signal 
before reductive potential is applied. Normalization was performed with respect to the maximum 
intensity detected for V+ in a given experiment. (c) SI-SECM titration of a reduced 80 nm and 
(d) 135 nm film on ITO using FcMeOH+. Background was CA taken with microelectrode before 
film reduction. Full reduction of RAC films was completed by biasing the ITO for viologen 










Figure 3.9 Experimental and simulated CVs of RAC monolayer films on ITO. (a) 80 nm (b) 135 
nm RAC film. Simulations were performed on DigiElch 7FD software. Simulation parameters 
were set for a charge transfer step Ox + e-  Red, α = 0.5, and ko = 0.001 cm/s based on 
measured rate constants for viologen polymers. Electrode geometry was set as planar and 
equivalent to exposed monolayer area in experimental CV and thickness of layer was varied 
according to RAC diameters. Concentration profile was bound to film thickness and 1000 ohm 




RAC diameter Diffusion coefficient in acetonitrile 
(cm2/s)1 
Diffusion coefficient in water 
(cm2/s) 
80 nm 4 × 10-12 1 x 10-11 
135 nm 4 × 10-11 3 x 10-11 
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CHAPTER 4:  
Probing Graphene Interfacial Reactivity via Simultaneous and Colocalized Raman–
Scanning Electrochemical Microscopy Imaging and Interrogation 
This work was published as an original research article in Analytical Chemistry: Schorr, N.B.; 
Jiang, A.G.; Rodríguez-López, J. Probing Graphene Interfacial Reactivity via Simultaneous and 
Co-Localized Raman-SECM Imaging and Interrogation. Anal. Chem. 2018, 90(13), 7848-7854. 
This chapter was adapted with permission from the American Chemical Society, copyright 2018. 
DOI: 10.1021/acs.analchem.8b00730. Annie Jiang was responsible for probe fabrication and 
graphene transfer, with all other work accomplished by Noah B. Schorr under the primary 
investigator Professor Joaquín Rodríguez-López. 
4.1. Abstract 
Addressing challenges in interfacial electrochemistry requires multimodal approaches 
that correlate the local structure and reactivity of materials with high spatial and temporal 
versatility. Here, we introduce spatiotemporally correlated Raman spectroscopy and scanning 
electrochemical microscopy (SECM) to study the impact that structural heterogeneities, 
interfacial decomposition products, and layer number have on the electron transfer properties of 
graphene electrodes (Figure 4.1). By co-localizing the SECM probe and laser line, we 
successfully obtained congruent SECM and Raman images at a rate 5 s per pixel with sub 10 µm 
resolution, obtaining full spectra per pixel at a signal-to-noise ratio as high as ~20. SECM 
imaging of a micropatterned graphene electrode showed its reactivity to be highly dependent on 
the intensity of the G peak, an indicator of the number of graphene layers. We further monitored 
the impact of excursions to positive potentials using the [Fe(CN)6]
3–/4– redox pair as mediator. 
Raman-SECM allowed us to decouple the contributions to the redox response of different 
58 
 
structural effects including exfoliation, increase in defect density, and surface-film formation, on 
the same site and in real time. The coupling of in situ Raman spectroscopy and SECM provides a 
powerful surface-sensitive analytical approach to elucidate interfacial properties relevant to 
energy, catalysis, and sensing. 
4.2. Introduction 
Understanding the intertwining roles of structure and reactivity on electrochemical 
interfaces requires the development of unique multimodal imaging techniques. In situ 
spectroelectrochemical approaches have been very successful at eliminating the uncertainties 
associated with analyzing a sample under different environments and experimental conditions.1–4 
An improvement in the diagnostic value of spectroelectrochemical methods is the acquisition of 
data sets that are additionally matched in temporal and spatial resolution. This would help 
elucidate quantitative site-specific correlations between reactivity and structure. Here we 
introduce such an approach, taking advantage of co-localized scanning electrochemical 
microscopy (SECM) and Raman spectroscopy. The merger of these techniques is advantageous 
due to the match in interrogation spot size and time-scale of data acquisition, thus allowing the 
real-time observation of changes in structure and reactivity on single sites.   
 Here, we generate both images and time-dependent datasets of coupled vibrational and 
redox information gathered in situ. To demonstrate the capabilities of coupled Raman – SECM, 
we chose to study the electrochemistry of chemical vapor deposition (CVD) grown multilayer 
graphene (MLG) samples. The remarkable electronic, optical, and structural properties of single 
and multilayer graphene have generated interest in applications reaching from battery and 
supercapacitors to nano-filtration and photovoltaics.5–9 Because of the wide-spread interest and 
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favorable properties of graphene and its derivatives, such as MLG and graphene oxide, 
correlating its interfacial properties and reactivity is of high interest.10  
Incorporating Raman spectroscopy to SECM enables the correlation of two techniques strongly 
suited for MLG. Raman spectroscopy continues to be a standard method for assessing the 
vibrational and electronic properties of carbon materials from graphite to graphene.11–15 The 
method is especially applicable to in situ investigations because it is non-destructive and is not 
inhibited by water as a solvent.16,17 SECM is useful for quantifying kinetic parameters of the 
interface, solution species, and surface adsorbates,18,19 advantageously decoupling the substrate 
and tip response. This enables the measurement of real-time changes in the redox reactivity of 
the substrate. SECM has previously been applied to studying various carbon materials.18,20–24 
While numerous papers have been published on the reactivity of carbon derivatives such as 
graphene, graphene oxide, and highly ordered pyrolytic graphite (HOPG), there are conflicting 
accounts as to the correlation between reactivity and structural properties.10,25–27 The differences 
in reactivity of the basal and edge planes of graphitic materials have been debated 
extensively.21,27,28 Likewise, the roles of adsorption and contamination of carbon surfaces have 
been studied recently.29,30 Therefore, knowledge regarding the link between changes in electrode 
structure and reactivity in situ is highly desirable.  
The crucial aspect of coupling Raman spectroscopy and SECM to study surface reactivity 
is the ability to obtain quantitative information about electron transfer rates and structure with 
spatial discrimination.14,19 Few studies have reported the use of Raman with SECM.31–33 Our 
group recently introduced co-localized and temporally-correlated Raman – SECM as an effective 
means to monitor transient processes on monolayer redox-active films.32 Here, we expand the 
technique to detect instantaneous changes in redox kinetics as a function of structural surface 
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perturbations. We also produce images of the simultaneously acquired vibrational and electron 
transfer reactivity of a surface for the first time. In this work, we explore how the formation of 
passivating layers and the onset of surface degradation impact the redox properties of the 
graphene surface.  
Controlling the reactivity of electrodes through film formation is central to applications in 
energy storage, e.g. the solid electrolyte interphase on graphite anodes in lithium ion batteries,34–
36 which is of interest to our group. Understanding film formation due to the decomposition of 
solution-phase redox species is pertinent due to the emergence of redox-flow, mediator-based Li-
air and charge-overload protected Li-ion batteries.37–41 The formation of these films results from 
the degradation of the solution species by processes triggered by the large polarizations applied 
to battery electrodes.42–44 Combined together to create a platform for an in depth study of 
interface characteristics, the methodology presented here provides a multimodal technique 
applicable to an immense number of materials and future experimental procedures.  
4.3. Experimental Section 
4.3.1. Chemicals 
Ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%), potassium ferricyanide 
(K3Fe(CN)6, Sigma-Aldrich, 99+%), and potassium nitrate (KNO3, Fisher Scientific, 99+%), 
were purchased from commercial sources and used as received. Millipore deionized water with 
resistance ≥18 MΩ was used for all solutions. 25 µm thick copper foil was purchased from Alfa 
Aesar. Nano 950 K A4 PMMA, and Microposit S1813 photoresist were purchased from 
MicroChem. AZ 917 MIF developer was purchased from AZ Electronic Materials. CE- 100 




4.3.2. Raman – SECM  
We used a modified setup based on the Raman – SECM configuration reported in our 
previous publication.32 An in-lab constructed inverted microscope was situated to focus a Melles 
Griot 532 nm laser line to the same region as the SECM probe on a sample surface (Figure 4.2). 
A camera (ThorLabs) allowed visualization of the alignment between the focused laser line and 
the microelectrode. Adjustments to laser line and microelectrode position were made by 
maneuvering a micropositioner and piezoelectric mount respectively. The sample cell was held 
on a custom made stage that was manually leveled to ensure proper imaging. A Nikon 40× (N.A. 
0.65) objective was used for all measurements. Stokes scattered light was collected in a fiber 
optic connected to an Ocean Optics QE Pro spectrometer for spectral acquisition. To enable 
sample imaging the sample stage was mounted onto an x- and y- stepper motor for sample 
positioning and imaging. Sample imaging was achieved by moving the stage in the x direction at 
a speed of 1 µm/s while simultaneously taking electrochemical and spectroscopic measurements. 
The stage was then moved in a 5 µm y direction step, and continued with rastering in the x 
direction until image completion. Spectrum acquisition time was set for 5 s during imaging and 3 
s for in situ oxidation experiments. 
4.3.3. Growing and Patterning Multilayer Graphene 
Multilayer graphene was grown by CVD using methane and 25 μm Cu foil as substrate. 
Cu foil was treated in acetone (10 s), water (10 s), glacial acetic acid (10 min), water (10 s), 
acetone (10 s), and isopropanol (10 s) to remove any contaminants and surface oxides. 
Multilayer graphene was grown using a modified recipe from a previous report.11 CVD 
conditions: atmosphere pressure with no annealing step and growth at 960°C, 100 sccm Ar, 20 
sccm CH4, and 60 sccm H2 for 20 min. CVD grown MLG was transferred onto glass coverslips 
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through a wet transfer method. After graphene growth, one side of the Cu foil with graphene was 
covered with 1 layer of 950 K A7 PMMA via spin-coating at 3000 rpm for 30 s. The protected 
graphene was floated on top of Cu etchant for 4 h at 40 °C to remove Cu foil. The floating 
graphene/PMMA sheet went through 4 rinse steps with DI water, 1 h treatment with 0.1 M 
EDTA aqueous solution, and 4 rinse steps with DI water again to fully remove any metal residue. 
The clean graphene/PMMA sheet was transferred onto the glass coverslips and blow dried with 
Argon. Additional organic solvent treatments were then applied to remove the PMMA protecting 
layer: 2 h in anisole, 4 h in dichloromethane/acetone mixture (1:1 ratio), and 2 h in isopropanol.  
Photolithography and reactive ion etching (RIE) methods were applied to create 50 µm 
hole patterns on graphene. For photolithography, positive photoresist S1813 was spin coated 
onto graphene at 4000 rpm for 45 s and soft baked at 115 °C for 1.5 min. Karl Suss MJB3 
contact mask aligner was used to transfer the pattern from the mask to the photoresist layer. 
After developing in AZ 917 MIF developer for 30 s, patterned hole array openings were created 
on top of graphene. A Plasma Lab Freon/O2 RIE system was applied to selectively etch the 
exposed graphene area under 10 sccm O2, 35 mW RF energy, and 35 mTorr pressure for 1.5 min. 
The etching procedure was chosen to avoid total removal of graphene. The etched graphene 
sample was carefully rinsed with acetone to remove photoresist layer which left a pristine 
patterned graphene on the substrate. 
4.3.4. Electrochemical Tests 
All electrochemical measurements were performed in a four-electrode cell configuration 
conducted using a CHI 920D SECM from CH Instruments (Austin, TX). A Ag/AgCl reference 
was used for all experiments. SECM probes consisted of etched Pt wires sealed in patch clamp 
glass. For SECM imaging experiments, an SECM probe was fabricated using an etched Pt wire 
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with a diameter of 7 µm and an Rg of 2. For time-dependent measurements, an etched Pt wire 
with a diameter of 11 µm and an Rg=3 was used. A more detailed procedure for probe 
fabrication can be found in the Chapter 2.  
 Aqueous solutions of 1 mM ferrocenemethanol (FcMeOH) with 100 mM KNO3 and 1 
mM [Fe(CN)6]
3–/4– with 100 mM KNO3 were used for imaging and in situ oxidation experiments 
respectively. 
4.4. Results and Discussion 
The Raman spectrum of the untreated MLG shows the characteristic D, G, and 2D peaks 
of graphene (Figure 4.3A). The D peak corresponds to the A1g vibration mode and is activated by 
disorder in the MLG.13,45 The G peak arises from an E2g in-plane vibration mode, that has an 
increasing intensity with the number of graphene layers.12,46,47  A ratio of the D peak intensity to 
the G peak intensity (ID/IG) can be used to quantify the distance between defects in graphene, LD. 
A large ID/IG will result in a small LD, where a defect is anything that causes the breaking of the 
sp2 carbon bond.14,24 An example calculation is provided in the Supporting Information 
(Equation 4.1). The unmodified MLG consists of 10 graphene layers determined from 
transmittance measurements assuming a loss of 2.3% per graphene layer (Figure 4.4).48 An 
optical image of the patterned MLG can be seen in Figure 4.3B. Treatment by RIE caused 
removal of graphene layers in 50 µm diameter regions across the MLG surface.   
4.4.1. Simultaneous Raman – SECM Imaging 
We investigated the feedback response and Raman scattering of a patterned MLG 
electrode.  Simultaneous mapping of spectral features and SECM feedback current permitted 
correlation between changes in reactivity and structure, as shown in Figure 4.5. Once we aligned 
the SECM probe and laser line, the stage was rastered to generate position dependent spectra and 
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electrochemical feedback with comparable 5 s time resolution per pixel, and 5 µm pixel size. 
Figure 4.5A depicts the information generated by a single line scan across the MLG surface used 
to construct the images in Figure 4.5B-D. Here, the Raman and SECM signal provided high 
contrast between the region bombarded by RIE and the unperturbed MLG. Mapping of the 
sample surface confirmed a successful procedure for the alignment of the laser line and SECM 
probe.  
The circular region where layers of graphene were removed produced a lower feedback 
current than the pristine areas. The feedback current was used to calculate the rate constant (kf) 
for electron transfer on the different areas of the sample, Figure 4.5B, as determined by the 
theory of Cornut and Lefrou.49 These same regions that exhibited a lower feedback current also 
showed a lower G peak intensity, Figure 4.5C. The intensity of the G peak is related to the 
number of layers of graphene present.12,13  Since the pristine MLG consisted of ~10-layers, the 
lowest intensities observed for the G peak at the center of the image corresponded to ~3 layers of 
graphene. In the etched region, the peaks did not shift in wavenumber indicating the RIE did not 
cause doping in the sample. The RIE exposed MLG also has the smallest distance between 
defects in the sample (Figure 4.5D). From the simultaneously taken images it is clear that 
removal of graphene layers changed both the reactivity and structure of the MLG.    
Increasing the number of layers of graphene increases the density of states of the 
surface.25,50 This would account for the higher activity present in the unmodified regions. 
Substrate effects on the electronic structure are also reduced when more than one layer of 
graphene is present.51,52 These measurements are in good agreement with previous bulk and 
spatially resolved measurements of the reactivity differences of graphene layers.25,53 To further 
examine the effect of the number of layers on the kf, we analyzed a single scan across the center 
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of the induced defect (Figure 4.5E). The G peak intensity decreased within the etched region in 
the same manner as the decrease in current recorded by the microelectrode. Surprisingly, the D 
peak intensity did not vary across the modified region. Lack of increase in the D peak required 
the RIE to have removed layers of graphene without introducing a higher concentration of 
defects in the graphene layers left in the region. The small calculated LD over the etched region is 
therefore predominantly caused by the decreasing G peak intensity. When the kf is plotted 
against the G peak intensity for this region a nonlinear trend emerges, demonstrating the number 
of layers greatly impacts electron transfer (Figure 4.5F).    
4.4.2. Time-Dependent Raman-SECM Analysis  
Alignment of the SECM probe and laser line enables time-resolved analysis of 
spectroscopic and redox information on a single reacting site. To demonstrate the in situ ability 
to monitor reactivity changes using Raman – SECM, we now turn to the modification of ~10-
layer graphene samples by electrochemical oxidation.54–56 Expediting oxidation provides a 
means to study the stability of layered graphene in conditions hostile to the sample integrity. To 
monitor the modification of MLG, we used the reduction of [Fe(CN)6]
3– for evaluating changes 
in SECM feedback. The slow kinetics of the [Fe(CN)6]
3–/4– redox pair have been used previously 
to amplify the resulting effects changes have on the reactivity of graphene compared to a fast 
outer-sphere redox mediator.20,57,58 Likewise, reports on the formation of passivating layers from 
this species make it a suitable probe for exploring surface modification of MLG.59,60  
To gauge the effect of potential on the MLG, a series of expanding window cyclic 
voltammograms were performed while simultaneously collecting feedback with the SECM probe 
and acquiring Raman spectra on the same spot (Figure 4.6). When the potential was swept in the 
regime between 0.8 and 1.2 V, both the substrate and tip experienced a larger current with 
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increasing potential. Near 1.2 V the mass transfer-limited positive feedback current was reached, 
as observed by the plateau in Figure 4.6A. During this sweep there were negligible changes to 
the Raman spectra and LD of the MLG. This suggests that activation of the redox kinetics in this 
potential region responds to an increase in overpotential, as predicted by electron transfer 
models, and not to structural changes on the MLG. As the potential was scanned to more positive 
values, marked structural and reactive changes were observed. The progression of the tip current 
surpassing the theoretical positive feedback level indicates additional processes occurring at the 
substrate which create additional species detected at the tip, e.g. O2 from water oxidation.  
 Two changes to the MLG occur during excursions to more positive potentials as 
noticeable by the Raman spectroscopy. First, as seen in Figure 4.6F, the LD decreased 
concurrently to a dip in the SECM feedback current at 1.36 V (signaled by the arrow in Figures 
4.6D and 4.6F). The decrease in LD was caused primarily by a decrease in the G peak intensity, 
and was perpetuated in the following CVs. Such decrease in the G peak intensity likely arose 
from exfoliation of the MLG, and not from the creation of chemical defects (i.e. increasing D 
peak) which have been reported as increasing electron transfer rates.20,61 A lowered reactivity by 
exfoliation is also in agreement with the RIE modified MLG shown in Figure 4.5. Second, 
following the dip, new peaks in the Raman spectrum appeared at 2098 cm-1 and 2160 cm-1 
corresponding to a C≡N stretch of the [Fe(CN)6]
3–/4– couple (Figure 4.6E).60,62 A change in the 
MLG interface likely facilitates the surface modification. Inspection of the post-mortem MLG 
samples indeed shows the formation of surface film (Figure 4.7). Continuing into the CV in 
Figure 4.6G, the C≡N peak enlarges by ~300%, leveling in intensity when the potential hits a 
maximum for the sweep (Figure 4.6K), but then increasing once more upon an additional CV in 




3–/4– is observed, changed as a function of the formation of this film. 
While in Figures 4.6D and 4.6G the tip current remained near theoretical positive feedback upon 
returning to low overpotentials, the expansion to higher potential regimes facilitated the creation 
of a passivating layer, eventually reducing the feedback response, Figure 4.6J. The opening 
window CVs therefore cause a change to the surface of the MLG through direct modification of 
the MLG layers and formation of a new surface layer. To parse out contributions from changes 
in the MLG interface on sample reactivity, we further performed experiments under modified 
oxidation conditions to determine the relative contribution of these factors.   
When a potential step to 2.5 V vs. Ag/AgCl was applied chronoamperometrically to a 
fresh sample of MLG, the currents at both tip and substrate decreased with time (Figure 4.8A). 
As time progressed during the applied positive potential, the tip current shifted from positive 
feedback to negative feedback (Figure 4.8B). This decrease in feedback corresponded to a 
change in the rate constant for electron transfer by over two orders of magnitude. The 
chronoamperometric step at 2.5 V triggered several structural changes on the MLG which 
yielded competing effects on the SECM response. The G peak slightly decreased in intensity 
during sample oxidation, most notably in the first 20 s, likely from some exfoliation of the MLG 
(inset Figure 4.8C). Following this exfoliation, an abrupt change in LD was observed (Figure 
4.8C), as the D peak intensity grew rapidly to 250% of the original peak intensity. The increase 
in the D peak intensity likely arises from the induction of carbon oxides (e.g. quinones, 
carboxylates) as defects in the MLG. The presence of new redox-active surface species is 
supported by CVs taken after the in situ experiment (Figure 4.9). Following the formation of 
these defects, a large increase in the C≡N peak intensity was observed, although the C≡N peak 
was present from the beginning of the data acquisition.  
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 As discussed in Figure 4.5, a decrease in the number of graphene layers, from ~10 to ~3, 
can cause a drop to ~1/4 of the original rate constant for electron transfer. On the other hand, an 
increasing density of defects is expected to increase the electron transfer rates. Nonetheless, the 
abrupt decrease in electron transfer rates observed in Figure 4.8B is not consistent with either of 
these effects. There is only a modest recovery of the electron transfer rates ca. 40 s, when the 
increase in D peak intensity plateaus. Thus, it seems that the growth of a passivating film derived 
from [Fe(CN)6]
3–/4– decomposition overwhelms these effects.  
We speculate that the formation of this passivating film is facilitated by the increase in 
exfoliation and formation of surface oxides. Approach curves to the surface after completion of 
the experiment show a greatly passivated surface (Figure 4.10). 
These observations are not in contradiction with previously reported effects of 
oxygenated defects.20,24,61 Indeed, measurements on the reactivity of graphene subject to mildly-
oxidizing conditions via limited CV excursions showed that as the D peak intensity increased 
with each set of CVs, so did the ko.  An increased reactivity with increased defect density was 
deduced from the negative correlation of k0 with LD (Figure 4.11). This indicates that activating 
the MLG in the presence of [Fe(CN)6]
3– in milder conditions does not cause the formation of a 
blocking layer. In all these experiments, some evidence of C≡N adsorbed on the MLG surface 
was observed. This implies that the formation of small amounts of the adsorbed layer did not 
overwhelm the effects of the defects under these mildly oxidizing conditions. The process of 
controlling the interfacial reactivity of MLG is therefore highly dependent on conditioning 
methodology. Through the experiments detailed here, we have elucidated four different possible 




4.5. Conclusion  
Coupled Raman – SECM was introduced as a tool for generating images and datasets of time-
dependent in situ spectroscopic features matched to redox reactivity over the same area. We 
showed that the number of graphene layers modulates the electron transfer kinetics, finding a 
decrease in layers decreases the reactivity by a factor of four when transitioning from ~10 to ~3 
layers of graphene. Imaging MLG displayed the ability of Raman – SECM to enable site specific 
quantification of kinetics and structure. We further explored the effects of high positive potential 
regimes on MLG using the Raman – SECM setup. Monitoring the oxidation of MLG allowed us 
to follow the correlations between changes in surface reactivity and surface modification in real 
time. We found that applying a large positive potential via chronoamperometric and cyclic 
voltammetry conditions decreased surface reactivity due to the formation of a passivating layer 
that contained the C≡N moiety as a result of decomposition of the redox mediator. However, 
changes in reactivity were the result of several competing effects created by the formation of 
exfoliated, oxidized, and surface-modified graphene. We distinguished these effects by their 
Raman signatures and the versatility afforded by the SECM. Raman – SECM creates new 
opportunities to assess the redox reactivity of electrochemical interfaces in real time, providing a 
powerful approach for studying the materials for energy storage and conversion purposes. Future 
Raman – SECM experiments developed in our laboratory will display an expanded portfolio of 
materials analyzed, with an increase in the spatial and time resolution by utilizing smaller probes 
and spectroscopic enhancement techniques. 
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4.7. Figures and Equation 
 

























Figure 4.3 Characterization of graphene. (A) Average Raman spectrum of CVD grown 











































Equation 4.1 Calculation of LD (nm) using equation proposed by Ferrari and coworkers.
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Figure 4.5 Simultaneous Raman – SECM measurements done with 3.5 µm radius Pt UME in 1 
mM FcMeOH with 100 mM KNO3 supporting electrolyte. MLG was held at open-circuit 
potential for the duration of the experiment. (A) Diagram of experimental alignment between 
laser and microelectrode. The small dashed box depicts single scan in x-direction to generate 
electrochemical feedback and spectra, where a row of data was collected in 100 s. (B) Calculated 
forward electron transfer rate (kf) of graphene surface determined by current feedback at UME. 
(C) Image of normalized G peak intensity of MLG surface. (D) Distance between defects (LD) 
determined from ID/IG. (E) UME current response and peak intensities of D, G, 2D peaks for one 
scan in the x-direction over RIE-modified MLG.  (F) Comparison of the kf and normalized G 




Figure 4.6 CVs, Raman spectra, and calculated LD values for MLG. Substrate CVs were 
performed at 10 mV/s, while tip was held at constant potential for [Fe(CN)6]
3- reduction. Orange 
arrows indicate directionality of CV scan. Green and red lines in CV plots represent theoretical 
maximum positive and minimum negative feedback for SECM probe with 10% error on the 
feedback current. Tip current, right axis, is normalized by steady-state current Spectra taken with 
5 s integration time. (A) CV between 0.8 and 1.2 V. (B) Raman spectra taken during A. (C) LD 
calculated from ID/IG. (D) CV between 0.8 and 1.5 V. (E) Raman spectra taken during D. (F) LD 
calculated from ID/IG. (G) CV between 0.8 and 1.8 V. (H) Raman spectra taken during G. (I) LD 
calculated from ID/IG. (J) CV between 0.8 and 2.4 V. (K) Raman spectra taken during J. (L) LD 





Figure 4.7 SEM images of pristine MLG (left) and MLG after series of expanding potential 
window CVs (right). A surface film with a thickness ~50 nm can be seen in the right image 



























Figure 4.8 Raman – SECM measurements during MLG oxidation in 1mM Fe(CN)6
3–/4– with 100 
mM KNO3 (A) Current response of MLG substrate, black, and UME, blue, to applied 2.5 V for 
MLG oxidation and 0.05 V to the UME for [Fe(CN)6]
3–/4–  reduction. Tip current, right axis, is 
normalized by steady-state current. (B) Forward rate kinetics (kf) of MLG during oxidation. 
Green and red lines in CV plots represent theoretical maximum positive and minimum negative 
feedback for SECM probe assuming a tolerance of 5% deviation from the theoretical mass 
transfer limited curve. (C) Spectra taken during chronoamperometry. (D) LD calculated from the 





Figure 4.9 CVs taken after chronoamperometric oxidation of MLG. (A) CVs taken a varying 
scan rates. (B) Linear peak height dependence with scan rate supports the appearance of a 










Figure 4.10 Approach curves to MLG surface biased at 0.8 V for Fe(CN)6
3–/4– oxidation (A) 
Positive feedback approach to pristine substrate. (B) Kinetically limited approach to oxidized 
MLG substrate. Upon applying a potential for [Fe(CN)6]
3–/4– oxidation, the current feedback was 













Figure 4.11 Modification of MLG using multiple voltammetric sweeps with excursions limited 
to 2.1 V vs Ag/AgCl. The voltammetry consisted of one, two, four, then eight cycles to modify 
the sample. (A) Raman spectrum of the sample was acquired before and after each set of CVs. 
(B) ko determined from approach curves, on the same spot sampled by Raman spectroscopy, at 
various overpotentials applied to the MLG. (C) Example of fitted approach curves to MLG at 
various overpotentials before oxidative conditioning. (D) kf extracted from approach curves in C 




Figure 4.12 Effect of oxidative potential applied to MLG. As potential is increased to 1.2 V the 
kinetics of electron transfer is controlled by the overpotential. Potentials above 1.2 V cause 
sample exfoliation, decreasing sample reactivity. In this potential window defect are introduced, 
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CHAPTER 5:  
Impact of Plasmonic Photothermal Effects on the Reactivity of Graphene Electrodes 
Visualized using Scanning Electrochemical Microscopy 
This research described in this chapter is adapted from an unpublished manuscript prepared for 
submission: Schorr, N.B.; Counihan, M.J.; Bhargava, R.; Rodríguez-López, J. Impact of 
Plasmonic Photothermal Effects on the Reactivity of Graphene Electrodes Visualized using 
Scanning Electrochemical Microscopy. Experimental data in this chapter was collected by Noah 
B. Schorr, with simulations designed by Michael J. Counihan, both overseen by Professor 
Rodríguez-López. 
5.1. Abstract 
Atomically-thin graphene electrodes enable the modulation of interfacial reactivity by 
means of underlying substrate effects. Here we show that plasmonic excitation of arrays 
composed of 50 nm Au nanoparticles situated underneath a graphene interface results in 
localized enhancements on the electrochemical readout. We used scanning electrochemical 
microscopy (SECM) in the feedback and H2O2 collection modes using a ferrocene derivative and 
the oxygen reduction reaction (ORR) to identify the role of the generated plasmons on the 
electrochemical response. Using electrochemical imaging, supported by finite-element method 
simulations, we confirmed that a temperature rise of up to ~30 K was responsible for current 
enhancements observed for mass-transfer limited reactions. In addition, we observed a shift in 
the onset of the electrocatalytic ORR which we traced back to photothermal induced kinetic 
changes, raising ko’ from 1.1 x 10-8 m/s to 2.2 x 10-7 m/s. Turning to thicker 10-layer graphene, 
the difference between the maximum rate of ORR was only 4.1 x 10-8 m/s compared to single 
layer graphene. The small difference confirmed the photothermal process is the main contributor 
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to interfacial reactivity. SECM emerged as a powerful technique for elucidating thermal 
contributions to reactive enhancements, and presents a convenient platform for studying sub-
layer and temperature-dependent phenomena over individual sites on electrodes (Figure 5.1).  
5.2. Introduction 
The reactivity and properties of atomically-thin 2D materials is strongly influenced by the 
identity of the underlying substrate.1–3 Electronic perturbations observable by scanning tunneling 
microscopy measurements of graphene on copper,4,5 recently led our group to suggest the 
concept of electrochemically transparent electrodes for inner and outer sphere electron transfer 
reactions on single layer graphene above noble metals.6,7 Electronic cooperation between 
graphene and the substrate opens new avenues for studying effects of sublayer properties on 
interfacial reactions. The tunable properties of metallic particles based on size and composition 
make them an attractive material for modulating electrochemical reactivity. Recent reports have 
also shown modulation of the reactivity of 2D materials via strain engineering.8  
A characteristic property of metallic nanoparticles is their propensity to generate surface 
plasmons when excited with the appropriate wavelength. These collective oscillations of the 
conduction band electrons of the particle are the basis for surface-enhanced Raman spectroscopy 
(SERS), and recent explorations of spontaneous plasmon mediated reactions.9–12 While exploring 
mechanisms of the oxygen reduction reaction (ORR) on graphene heterointerfaces using our new 
Raman-SECM for exploring SERS enhancements, we found persistent current enhancements in 
SERS active regions. 
The energy imparted during plasmon excitation on the system can be released through 
either radiative or non-radiative pathways.13,14 The non-radiative mechanisms include the 
creation of hot-holes and hot-electrons, along with vibration collisions that dissipate the energy 
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as heat. These properties have been exploited for various applications, e.g. in changing the band 
gap of semiconductors or even for medicinal applications relying on local heating to disrupt cell 
growth.15–18 However, due to the separate pathways of energy distribution, distinguishing the 
source responsible for modulating reactivity is not trivial.  
When investigating the effects of generated plasmons on reactivity changes, reports in 
literature often propose photothermal and hot electron/hole transfer as sources of the observed 
effects.11,12,19,20 However, reports do not always agree on the relative role of these two factors: 
for example, the conversion of 4-nitrobenzenethiol to the amino derivative has been reported as 
both deriving from photothermal effects and not.21,22 Only recently studies have sought to 
determine the relevant contributions of these factors.13,23 This includes the use of SECM by the 
Willets group for monitoring the separate hot-carrier versus photothermal effects caused by 
nanoparticle irradiation on photoelectrochemical interfaces.24 Because SECM is able to quantify 
site specific electron transfer kinetics,25,26 and responds to temperature effects at the  tip,27 we 
turned to this technique for the investigation of temperature dependent reactions modulated by 
the coupling of graphene with metallic nanoparticles.  
Herein, we expand both the role of nanoparticle-interface interactions and the use of 
SECM as a convenient methodology to quantify contributions of plasmon induced events. By 
using substrates consisting of gold nanoparticle arrays covered by a continuous sheet of 
graphene, we image the interplay between underlying nanoparticle contribution to the graphene 
interfacial reactivity and the role of localized plasmon events (Scheme 6.1). To elucidate the 
photothermal contributions to the collected signal, these systems were first probed with a redox-
mediator. With this information in hand, we also explored O2 as an electrocatalytic probe, using 
the collection of H2O2 to characterize the impact of underlying plasmons on the oxygen 
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reduction reaction (ORR) kinetics and mechanism. A protective graphene layer opens avenues 
for preserving the integrity of nanoparticles throughout electrochemical measurements, 
additionally providing the opportunity to use plasmonic effects for characterizing the activation 
parameters of a wide-range of reactions while using SECM.   
5.3. Experimental  
5.3.1. 10-Layer Graphene Growth  
Multilayer graphene was grown on Cu foil using a modified recipe from our previous 
report.25 Chemical vapor deposition conditions: atmosphere pressure with no annealing step and 
growth at 960°C, 100 sccm Ar, 20 sccm CH4, and 60 sccm H2 for 20 min. Single layer graphene 
was acquired from Grolltex batch number 180304-2. 
Received graphene and 10-layer graphene had one side covered with 1 layer of 950 K A7 
PMMA via spin-coating at 3000 rpm for 30 s. The protected graphene was floated on top of Cu 
etchant for 4 h at 41 °C to remove Cu foil. The floating graphene/PMMA sheet went through 4 
rinse steps with DI water, 1 h treatment with 0.1 M EDTA aqueous solution, and 4 rinse steps 
with DI water again to fully remove any metal residue. 
5.3.2. Nanoparticle Synthesis and Substrate Fabrication 
Gold nanoparticles (AuNP) were synthesized in the following fashion. 50 ml of 1 mM 
HAuCl4 was brought to a boil under stirring. Then 1 ml of 38.8 mM sodium citrate was added to 
the solution. A color change occurred within 10 s from clear to maroon. Heating was continued 
for 15 min before removing from heat and continuing to stir for 15 min.  
Glass coverslips were silanized with APTMS to attach nanoparticles. Slides were 
submerged in a 2% APTMS methanol solution for 15 min then thoroughly rinsed with methanol 
then water before drying under nitrogen. Photolithography was applied to create patterns on the 
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silanized glass slides. A positive photoresist S1813 was spin coated onto graphene at 3000 rpm 
for 30 s and soft baked at 110 °C for 1.5 min. A contact mask aligner was used to transfer the 
pattern from the mask to the photoresist layer, creating 50 µm-wide channels separated by 50 
µm. After developing in AZ 917 MIF developer for 20 s, the patterned array was created. An 
aliquot of 100 µl of synthesized AuNPs was dropcast over the patterned region and left for 12 
hrs. The samples were then rinsed with water and dried with nitrogen. Remaining photoresist 
was removed with acetone and isopropyl alcohol.  
A clean graphene/PMMA sheet was transferred onto the glass coverslips with the AuNP 
arrays and blown dry with argon and dried under vacuum for 12 hr. Additional organic solvent 
treatments were then applied to remove the PMMA protecting layer: 2 h in anisole, 6 h in 
dichloromethane/acetone mixture (1:1 ratio), and 2 h in isopropanol. 
5.3.3. Characterization 
SEM images were taken with a Hitachi S-4800 high resolution microscope with were 
obtained at 5-10 kV acceleration voltage and 10 µA emission current. Optical image was taken 
on a Zeiss Axio Lab.A1 microscope at 50 x magnification. UV-VIS spectrum was collected on a 
HP8542 diode array spectrophotometer. 
5.3.4. Electrochemical Tests 
All electrochemical measurements were performed in a four-electrode cell configuration 
conducted using a CHI 920D SECM from CH Instruments (Austin, TX). All potentials in this 
work are versus the Ag/AgCl reference used for all experiments. For SECM experiments an 
etched Pt wire (diameter of 11 µm) sealed in glass (Rg = 5) was used as the ultramicroelectrode 
(UME) probe. Aqueous solutions of 1 mM ferrocenemethanol (FcMeOH) with 100 mM Na2SO4 
and a 100 mM Na2SO4 electrolyte solution were used for imaging and substrate generation tip 
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collection experiments respectively. A Melles Griot 532 nm laser line was focused through an 
Olympus 50× (N.A. 0.50) objective in an inverse geometry and aligned to the UME location for 
SECM studies. Laser power was modulated with neutral-density filters.   
5.3.5. Simulations 
Simulations were performed using the Transport of Dilute Species (TDS) and Heat 
Transfer in Fluids (HTF) modules within COMSOL Multiphysics 4.4. For our simulations, we 
utilized a 2-D axisymmetric geometry representing our UME probe positioned above our 
extended G-AuNP surface (Figure 5.2). Mass transport in the TDS module consisted of 
diffusion, as described by Fick’s first and second laws, and convection, which results from 
temperature gradients and is treated analytically by COMSOL Multiphysics. The HTF module 
concerned just one dependent variable, temperature. Since diffusion is a function of temperature 
and viscosity, the diffusion coefficients for all species were defined by the Stokes-Einstein 
equation. Viscosity of water as a function of temperature was defined using the expression native 
to COMSOL Multiphysics. 
Probe currents were modelled with a flux boundary condition on the electrode surface, 
where flux is based on the Butler-Volmer formalism with the probe biased to a sufficiently high 
overpotential to achieve mass-transfer limited behavior. These expressions (Figure 5.2) were also 
functions of local temperature. When modelling positive feedback and substrate generation-tip 
collection, similar expressions were applied to the substrate electrode, where the substrate has its 
own associated overpotential and kf and kb expressions. Initial concentrations of the species of 
interest were those used in the experiments, and a concentration boundary equal to the initial 
concentrations (representing the semi-infinite boundary condition in its usual sense) was defined 
at the boundary above the probe. A concentration boundary was not placed on the boundary 
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perpendicular to the substrate to more accurately represent the one-dimensional diffusion profile 
of the extended substrate electrode. 
To model the incident light and resulting photothermal effects, the effective heating spot 
size was set to 10 µm diameter directly below the probe on the substrate. This portion of the 
substrate boundary was set at specific temperatures in the HTF module, while the remaining 
boundaries and solution domain were given the initial value of 298 K. Small changes to the 
heating element size and the distance of the probe to the substrate were found to not impact 
simulation of experimental results (Figure 5.3). 
All simulations modelled chronoamperometric responses at the probe. For positive 
feedback simulations, the substrate was set at a static mass-transport limiting overpotential. For 
SG/TC simulations, the substrate potential was swept linearly with time at 20 mV/s to model the 
experimental collections. To determine current fluctuations with substrate temperature, the 
illuminated spot temperature was systematically increased from 298 K, and the steady state 
currents at the probe after heating were normalized by their values at 298 K to produce ion/ioff 
calibration curves. 
5.4. Results and Discussion 
5.4.1. Sample Design 
The graphene covered gold nanoparticle arrays (G-AuNP) serve as a template to directly 
compare subsurface effects on interfacial reactivity. As seen in Figure 5.4, the ~50 nm AuNPs 
are well confined and formed a monolayer within each 50 μm wide array, allowing discrete 
analysis of the pristine versus plasmon-affected surface. Alignment of the laser line to the same 
position as the SECM microelectrode probe ensures monitoring of the G-AuNP electrochemical 
performance is localized to the illuminated region. To produce localized plasmons, the AuNPs 
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mounted on the glass slide possessed an overlapping absorption band with the 532 nm laser line 
used for the experiments (Figure 5.4C).  
5.4.2. Impact of Plasmons on Redox Mediator Electrochemistry 
To assess the photothermal effects on the electrochemistry of G-AuNP, we chose the 
redox mediator ferrocenemethanol (FcMeOH) to probe the interface. With the 
ultramicroelectrode (UME) probe at the surface and biased at an oxidizing potential, and the 
substrate biased to reduce FcMeOH+ at the  mass-transfer limited rate, a positive feedback  loop 
is created between the SECM tip and substrate.28 Under these conditions, any changes in the 
current sensed at the probe should arise from changes in the mass transport of the redox 
mediator. When performing SECM imaging over the G-AuNP with and without the laser, a 
difference in the tip current arises (Figure 5.5). When the substrate was biased for positive 
feedback, no discernable difference across the imaged plane was observed. Conversely, as seen 
in Figure 5.5B, the array pattern became recognizable once the laser illuminated the G-AuNP.  
Because changes in mass transport should be observable further away from the substrate when 
compared to feedback, we turned to probe approach curves with and without the laser (Figure 
5.5C). When an approach curve was performed to a biased substrate without laser excitation, 
positive feedback was seen, typical for conducting materials engaged in rapid redox 
recycling.29,30 However, upon illumination we observed a positive current shift throughout the 
approach. Because the substrate is performing at a mass-transfer limitation, the larger current 
indicates an increase in the mass transport of the mediator between the tip and substrate.  In the 
following sections, we demonstrate that this increase is caused by local solution heating due to 
photothermal effects from the AuNPs.  
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Photothermal effects are expected to influence the mass transfer limited current by means 
of the diffusion coefficient (D):  
 
With n being the number of electrons, a the radius of the UME, and C the concentration of 
species on solution. The changes in D with temperature (T) are expressed through the Einstein-
Stokes relationship:  
 
Here, kb is the Boltzmann constant, r the radius of the species, and η the solution viscosity. In this 
equation, the viscosity of the solution is also dependent on temperature, making the direct 
relation between changes in diffusion to temperature hard to determine empirically. 
 To correlate the current level at the SECM tip to the local photothermal induced temperature, we 
measured the changes in current as a function of laser power, shown in Figure 5.6A as a 
normalized quantity relating laser on/off states, i.e. ion/ioff.  
Finite-element modelling was used to model the electrochemical system (Figure 5.2). By 
adjusting the temperature of the illuminated substrate region, we established a trend between the 
mass transfer increase and the current of the tip (Figure 5.6B). Like in the experimental case, the 
increase in current with temperature is linear. The model shows very little dependence on the 
variations in the tip-substrate distance and the heating elements within the range of the 
experimental parameters (Figure 5.3). Correlation of the experimental to simulated current 
increases enables the creation of a calibration curve between temperature and laser power. Using 
the simulated response, illumination of the nanoparticles caused a temperature increase as large 
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as 33 K determined by the positive feedback SECM. This temperature increase matches the order 
of magnitude determined by SERS measurements.21,22  
5.4.3. Oxygen Reduction at the UME and Graphene Interface 
We now turn to determining how the underlying substrate excitation affects interfacial 
reactivity for the ORR, an electrocatalytic reaction. Unlike FcMeOH, which only involves an 
outer-sphere electron transfer event, the ORR involves multiple electron and proton transfers. 
There are two main reduction pathways, one leading to the formation of H2O2 and the other H2O; 
graphitic materials primarily proceed through the former, while Pt (SECM tip disk material) 
proceeds efficiently through the latter.31  Our group has shown that underlying Au substrates 
enhance the reactivity of graphene towards the H2O2 forming reaction.
7 Using the ORR at the Pt 
tip confirmed the laser excitation created a temperature gradient, producing the current 
enhancement trend observed for FcMeOH (Figure 5.7). Since Pt is one of the best 
electrocatalysts for the ORR, this behavior is expected. However, since graphene is a sluggish 
electrocatalyst for the ORR, the effects of plasmonic excitation could be more profound.    
We used SECM in the substrate generation tip collection (SGTC) mode to monitor the 
ORR at the G-AuNP electrode. The substrate was biased to reduce oxygen while the tip was 
biased at an oxidative potential to collect generated hydrogen peroxide. With the substrate 
unbiased, the pattern of the substrate is noticeable, as there is a higher collection current over the 
sublayer AuNPs (Figure 5.8A). The sublayer nanoparticles causing an increase in generation 
reactivity at the graphene interface is similar to the case of bulk metals situated beneath 
graphene.7 In both cases, graphene acts as a semi-electronically transparent layer where the 
substrate modifies the activation of the interface. 
103 
 
Turning the laser allowed once more to visualize differences between modified and 
unmodified areas, with an average increase in reactivity of ~200% (Figure 5.8B). As seen in 
Figure 5.8C a deviating trend emerged between model predictions of H2O2 collection 
enhancements and experimental results. The experimental collection data showed a consistently 
larger ion/ioff value. We hypothesized these discrepancies between these profiles arose from 
changes in the standard rate constant, ko. Since these changes are potentially linked to either 
changes in temperature or generated hot electrons and holes, we set out to explore the 
corresponding dependencies  
5.4.4. Plasmon Impact on ORR Kinetics 
A change in the ORR kinetics was validated by the observation of a lower overpotential 
to activate the generation of H2O2. This lowered overpotential is experimentally reflected as a 
positive shift of the i-E curve for H2O2 collection upon illumination. This shift occurs in addition 
to an increase in current caused by the effects of temperature on diffusion coefficient, as it was 
described previously for FcMeOH (Figure 5.9A). As seen in Figure 5.9B, when the SGTC cyclic 
voltammograms (CV) were performed, the collection curves followed the trend expected for an 
increase in the ko and mass-transfer. There was no discernable change in the substrate CV 
(Figure 5.10), which was anticipated given the portion of the sample irradiated is four orders of 
magnitude smaller than the overall exposed sample area. The E1/2 shift by the G-AuNP seen in 
Figure 5.9C is orders of magnitude larger than common potential shifts for electrochemical 
references,32 and four times greater than a previously reported for the ORR on illuminated silver 
nanoparticles supported on top of graphene,33 and the ORR at the SECM tip (Figure 5.11). Using 
a rotating ring disk electrode, Schmidt et al found that a change in temperature between 293 K to 
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333 K the collection of H2O2 approximately doubled when performing ORR on single crystal 
Pt.34 
The standard rate constant, ko, is related to temperature and the E1/2 by the equation for 
irreversible kinetics at an electrode operating at steady state,35  here approximated by the affected 
spot on the graphene surface probed by the UME:  
 
Where ΔE1/2 is the change in half-wave potential, α the transmission coefficient, and R and F the 
ideal gas and Faraday constant respectively. The T’, Do
’, ko’ are the temperature, diffusion 
coefficient, and standard rate constant at room temperature, and the double prime values those at 
increased temperature values. Using the calculated values of ko’’, a comparison was made 
between ko’’ and laser power. As seen in Figure 5.9D, the plot of the natural logarithm of the 
calculated ko’’ shows a linear dependency on laser power. This trend follows the Arrenhius 
behavior for temperature-dependent kinetics,36 strongly suggesting that photothermal phenomena 
are primarily responsible for the 20x increase in the ko’ from 1.1 x 10
-8 m/s to 2.2 x 10-7 m/s.  
5.4.5. Layer Dependence on AuNP Enhancements 
To single out hot carrier versus photothermal effects, we explored the dependencies on 
the number of layers of graphene. Using AuNPs covered by 10-layer graphene (10L-G-AuNP), 
we conducted SECM measurements with and without laser illumination and compared them to 
monolayer graphene.  
 The presence of additional layers separates the gold surface from the electrochemical 
interface at which molecular oxygen reacts by ~3.3 nm.37  We expect that the gold-to-surface 
distance reduces interaction of hot carriers interacting with surface species.38,39 Comparing single 
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layer to 12-layer CVD graphene, Chen et al found an 80% decrease in carrier diffusion.40 
However, heating effects are still present with greater number of layers, as seen by probing the 
surface with either ferrocenemethanol or oxygen (Figure 5.12). Thermal conductance has found 
to be of similar magnitudes from single to four-layer graphene, between 100-400 K, supporting 
layer number will not greatly diminish photothermal heating in the few layer cases.41 When 
performing SGTC, increasing the number of layers of graphene did not block the effects of 
greater H2O2 production over the buried AuNPs (Figure 5.12). Monitoring the potential shift 
with laser power during SGTC, Figure 5.9E, enables a direct comparison of plasmon induced 
kinetic changes. 
Like in the case of single layer graphene, as seen in Figure 5.9F, an Arrhenius-type linear 
trend emerged for the natural logarithm of the calculated ko’’ values versus laser power. The 
overall increase in kinetics for 10L-G-AuNP was 28% of that for the single layer G-AuNP, 
where there was only a small difference in maximum rate of 4.1 x 10-8 m/s between the two 
substrates caused by laser illumination. The smaller overall increase for the thicker sample is not 
surprising based on previous studies concluding multilayer graphene is inherently more reactive 
than the single layer case.25,42  
Using a rearranged form of the Arrenhius equation: 
 
where A is a frequency factor and Ea the energy of activation for ORR, the differences in ORR 
reactivity of the 10- and single layer case is confirmed by the Ea of 1.3 and 1.6 kJ/mol 
respectively, calculated from Figure 5.13. These values are an order of magnitude smaller than 
typical values for the four electron ORR on Pt surface,34,43 but a smaller value Ea is expected for 
the more thermodynamically favorable two electron pathway, probed by the UME.44  
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The comparable maximum ko’’ for the monolayer and 10-layer samples alludes to the role 
of photothermal effects versus hot carriers. If the ORR at the interface was a hot electron-
controlled process, it would be expected that the multilayer electrodes would display a 
significantly smaller effect upon illumination. Conversely, if similar temperature were achieved 
at both substrate interfaces, the change in kinetics would be controlled by the photothermal 
process. The small difference observed between mono- and 10-layer samples points to the 
second case. This result, along with the change in rate constant having an Arrenhius dependence, 
signifies the ORR on the graphene surface being primarily a function of temperature, not the 
creation of hot carriers.  
Isolating plasmonic contributions to heterogenous reactions will never be a trivial pursuit, 
especially for non-spontaneous reactions, e.g. electrochemical catalysis. We intend for this work 
to serve as a cautionary reference for researches to avoid disregarding the impact of 
photothermal effects on electron transfer kinetics, and additionally to encourage the use of 
graphene covered nanoparticles to investigate temperature dependent reactions. Where we 
envision graphene serving as a versatile template for surface modifications, opening an exciting 
avenue for temperature dependent reactions on an electrode surface, without the necessity of 
bulk heating. On this basis our group has moved to investigating the hydrogen evolution reaction 
on Pt deposited onto G-AuNP, where deposited metals only begin to uncover possible interface 
species.  The use of nanoparticles also affords a wide variety of substrate patterning for site-
specific heating to control interfacial reactions. 
5.5. Conclusion 
Using multiple feedback modes of SECM in combination with finite-element 
simulations, we elucidated the role of sublayer gold nanoparticle plasmons on the interfacial 
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reactivity of graphene electrodes. By illuminating the G-AuNP system while monitoring the 
mass-transfer limited feedback of a redox mediator, photothermal effects were found to increase 
the surface temperatures by up to ~30 K. We then turned to the oxygen reduction reaction to 
probe the impact of plasmons on electrocatalytic performance. A positive shift in the collection 
of H2O2 indicated a change in ORR kinetics with illumination. By varying the laser power 
intensity, the ORR kinetics were found to have an Arrenhius-type dependency, suggesting the 
photothermal energy dissipation was the main contributor to enhanced electrochemical 
reactivity.  
We further validated this conclusion by conducting experiments on a thicker 10-layer 
graphene blanket covering the AuNPs, limiting hot carrier interactions with interface species 
while maintaining similar heat transfer properties. The maximum difference in kinetics was 
found to be small, 4.1 x 10-8 m/s, between the 10- and single layer case, supporting a 
photothermal controlled process. While generation of hot carriers may impact some interfacial 
processes on nanoparticle surfaces, the reactions studied here were predominantly temperature 
dependent. This opens opportunities for investigations into site-specific temperature dependent 
reactions using the graphene surface as an atomically thin template for depositing species of 
interest. 
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Scheme 5.1 SECM probing of G-AuNP surface using redox mediator to assess current 






Figure 5.2 Geometry and associated equations for finite-elements simulations. Transport dilute 






Figure 5.3 Simulated results for substrate-tip and heating elements size. (A) Plot of ion/ioff versus 
temperature for a positive feedback, negative feedback, and SGTC at varying L, which is the 
normalized parameter for distance between tip and substrate normalized by the tip radius. (B) 

























Figure 5.4 G-AuNP sample. (A) Optical image of G-AuNP. (B) SEM images of G-AuNP. (C) 









Figure 5.5 SECM of G-AuNP substrate in the positive feedback mode with FcMeOH. (A) 
Imaging without laser. (B) Imaging with laser, 16 mW. (C) Approach curves to G-AuNP 
substrate with and without laser illumination. Red dash line plots theoretical fit for positive 





Figure 5.6 Probing G-AuNP substrate with redox mediator. (A) Plot of ratio of ion/ioff versus 
laser power for FcMeOH oxidation at SECM tip. (B) Simulated ratio of ion/ioff versus 










Figure 5.7 Results of ORR performed at the SECM tip while the G-AuNP remained unbiased. 
(A) Top, SECM using ORR at the UME over the G-AuNP showing only negative feedback. 
Bottom, SECM with light excitation. (B) Calibration between experimental ion/ioff values at 

























Figure 5.8 Tip ORR and SGTC over G-AuNP surface.  (A) Tip ORR over G-AuNP without 
laser, top, and with laser, bottom. (B) SGTC over G-AuNP without laser, top, and with laser, 
bottom. Inset showing SGTC laser off image on reduced current scale.  (C) Comparison of ion/ioff 




Figure 5.9 Collection of H2O2 at tip during ORR at the substrate. (A) Representation of 
collection data showing expected response to an increase in diffusion versus an increase in 
kinetics. (B) Tip current during substrate ORR CV at increasing laser powers. (C) Normalized 
current at the tip associated with the ORR at the G-AuNP substrate with increasing laser power. 
(D) Plot of calculated ko’’ of ORR at the G-AuNP substrate with increasing laser power. (E) 
Normalized current at the tip associated with the ORR at the 10-G-AuNP substrate with 
increasing laser power. (F) Corresponding increase in ko’’ of ORR at the 10-G-AuNP interface 









































Figure 5.12 SECM imaging of 10-layer G-AuNP. (A) Tip current for FcMeOH feedback 
without laser. (B) Tip current for FcMeOH feedback wit laser. (C) Tip ORR without laser. (D) 


























Figure 5.13 Arrenhius plots of natural log of the temperature dependent ko’’ versus inverse of 
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 CHAPTER 6:  
Achieving Fast and Efficient K+ Intercalation on Ultrathin Graphene 
Electrodes Modified by a Li+ Based Solid-Electrolyte Interphase 
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This chapter was adapted with permission from the American Chemical Society, copyright 2018.  
6.1. Abstract 
Advancing beyond Li-ion batteries requires translating the beneficial characteristics of 
Li+ electrodes to attractive, yet incipient, candidates such as those based on K+ intercalation. 
Here, we use ultrathin few-layer graphene (FLG) electrodes as a model interface to show a 
dramatic enhancement of K+ intercalation performance through a simple conditioning of the 
solid-electrolyte interphase (SEI) in a Li+ containing electrolyte. Unlike the substantial plating 
occurring in K+ containing electrolytes, we found that a Li+ based SEI enabled efficient K+ 
intercalation with discrete staging-type phase transitions observed via cyclic voltammetry at scan 
rates up to 100 mVs−1 and confirmed as ion-intercalation processes through in situ Raman 
spectroscopy. The resulting interface yielded fast charge−discharge rates up to ∼360C (1C is 
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fully discharge in 1 h) and remarkable long-term cycling stability at 10C for 1000 cycles. This 
SEI promoted the transport of K+ as verified via mass spectrometric depth profiling. This work 
introduces a convenient strategy for improving the performance of ion intercalation electrodes 
toward a practical K-ion battery and FLG electrodes as a powerful analytical platform for 
evaluating fundamental aspects of ion intercalation (Figure 6.1). 
6.2. Introduction 
The technologies beyond Li-ion are gaining momentum by diversifying the energy 
storage landscape, but strategies are required to improve the performance of electrodes for new 
types of batteries. Among them, the K-ion battery (KIB) is an emerging candidate compared to 
Li-ion battery (LIB) due to the reduced cost,1 the availability of high performance 
cathodes,2,3 and the more negative anode intercalation potential of K+ on carbon.4,5 K+ storage in 
various carbon based anode materials has been reported, including graphite,6−9 hard carbon 
spheres,10,11 highly oriented pyrolytic graphite,12 graphene foam,13,14 and reduced graphene 
oxide.6 Despite the variety, many of these carbon materials exhibit limited cycling stability, in 
part due to K plating.7,10,14,15 The few reports that demonstrate clear evidence of a staging type 
intercalation behavior, show sluggish kinetics.8,9 Therefore, to improve the performance of KIB 
anodes, it is necessary to better understand K+ intercalation and to develop straightforward 
strategies for improving their interfacial properties. 
6.3. Experimental Section  
6.3.1. Chemicals and Supplies  
All chemicals were purchased as A.C.S. reagent grade or better, and used as received 
without further purification. Platinum wire (0.5 mm diameter) was obtained from Goodfellow. 
Ethylene carbonate (EC, anhydrous, 99%), propylene carbonate (PC, anhydrous, 99.7%), lithium 
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tetrafluoroborate (98%), potassium hexafluorophosphate (99.5%), lithium hexafluorophosphate 
(≥99.99%, trace metals basis), and tetrabutylammonium hexafluorophosphate (TBAPF6, 99.0%) 
were obtained from Sigma-Aldrich. 25 µm copper foil was purchased from Alfa Aesar. Ultra-
high purity (UHP) argon was obtained from Airgas. Clear fused quartz CVD chamber (22 mm 
ID, 25 mm OD, and 36 inch length) and one end sealed carrier tube (15 mm ID, 18 mm OD, 100 
mm length) were purchased from Technical Glass Products, Inc. Microscopy glass slide (25 × 75 
mm, 1.0 mm thick) and microscope cover glasses (22 × 22 mm, No. 1 thick) was purchased from 
VWR North American. 3 inch Si wafer with 300 nm wet thermal oxide (Si/SiO2 wafer) was 
purchased from University Wafer. 
6.3.2. Few-Layer Graphene Growth  
FLG electrodes were grown using a modified atmosphere pressure chemical vapor 
deposition (CVD) method using methane as carbon source, and 25 µm Cu foil as catalyst.1 Prior 
to growth, the Cu foil was treated in acetone (10 s), water (10 s), glacial acetic acid (10 min), 
water (10 s), acetone (10 s), and IPA (10 s) to remove any surface oxides. The cleaned Cu foil 
was then put inside a one end sealed quartz carrier tube. The carrier tube with Cu foil was then 
mounted in the middle of the CVD chamber with the sealed end facing the gas inlet direction. 
The CVD chamber was first purged with 100 sccm Ar for 10 min at room temperature, then 
heated to 960°C in 1 hour under reductive atmosphere of 60 sccm H2 and 100 sccm Ar. FLG was 
grown at 960°C, 20 sccm CH4, 60 sccm H2 and 100 sccm Ar for 20 min. After growth, the 
chamber was cooled S4 down to room temperature under 60 sccm H2 and 100 sccm Ar. A wet 
transfer procedure was used to transfer FLGs onto target substrates, including Si/SiO2 wafers, 




6.3.3. Sample Characterization  
FLG samples were characterized through several techniques including scanning electron 
microscopy (SEM), Raman spectroscopy, optical transmittance microscopy and time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) depth profiling. SEM images (Hitachi S-4800 
high resolution SEM) were obtained at 5 kV acceleration voltage and 10 µA emission current. 
Raman spectra and images of pristine FLG (Nanophoton Laser Raman Microscope RAMAN-11) 
were obtained using 532 nm excitation laser with 0.74 mW excitation power and 10 s exposure 
time. Optical transmittance microscopy images (Leica SP8 UV/Visible Laser Confocal 
Microscope) were obtained under transmittance mode using a 561 nm laser line, a 63x objective, 
and a photomultiplier detector. Transmittance intensity of a blank glass cover slide was collected 
as reference (100 % transmittance). The intensity at each pixel was then converted to percent 
transmittance, interpreted as a graphene layer number distribution map making use of a 2.3% 
decrease in transmittance per layer.3 Raman measurements taken in situ during ion intercalation 
were performed on a Horiba LabRAM HR confocal microscope. Spectra were acquired with 10 s 
acquisition time while sample was biased at increasingly negative potentials for intercalation. 
Sample was tested in a ECC-Opto Std EL-CELL. TOF-SIMS measurements (Physical 
Electronics PHI Tift III) were made using a liquid metal ion gun (LMIG) gold source as the 
analysis beam and oxygen as the ion source for depth profiling. Surface mass spectra were taken 
with the LMIG performing a 400 µm raster size. Depth profiling was achieved by exposing an 
800 µm area of the sample to the oxygen beam for 1 s then collecting ions from a 100 µm area 
within the etched region S5 by the LMIG for repeated cycles. An integration time of 10.5 s, a 




6.3.4. Electrochemical Methods 
All electrochemical measurements were performed with a CHI 760 potentiostat in an 
Arfilled drybox with oxygen and water levels less than 0.1 ppm. All solutions were made in a 
propylene carbonate (PC) and ethylene carbonate (EC) solvent mixture with 1:1 ratio (vol./vol.), 
referred to in the text as PC-EC. A Teflon cell was fitted with a FLG working electrode (4.9 
mm2), a Pt wire counter electrode (CE), and a Li strip, K strip or a Ag/Ag+ (saturated AgNO3 in 
PC-EC) reference electrode (RE). Potentials referenced against a Ag/Ag+ RE (3.725 V vs. 0.1 M 
Li/Li+) are reported vs. 0.1 M Li+/Li for clarity. The detailed reference calibration test can be 
found in Figure 6.2. Reference stability test can be found in Figure 6.3c.  
6.3.5. SEI Conditioning Method 
FLG samples were first conditioned in 0.1 M LiBF4 PC-EC solution at 1 mVs
-1 to pre-
form a stable SEI layer with full coverage, using a freshly exposed Li strip as RE/CE. 
Conditioning steps included cycling at both SEI formation and Li+ intercalation region (Figure 
6.4a): 4 cycles at 3.30 V – 0.04 V; 2 cycles at 1.00 V – 0.04 V; 2 cycles at 0.50 V – 0.04 V vs. 
0.1 M Li/Li+. We also performed conditioning steps just in the SEI-forming region (i.e. without 
stepping to potentials where ion-rich intercalation stages are expected, Figure 6.4b): 4 cycles at 
3.325 V – 0.325 V; 3 cycles at 1.625 V – 0.325 V; 3 cycles at 1.025 V – 0.325 V vs. 0.1 M 
Li/Li+.  
6.3.6. Alkali Ion Intercalation Characterization 
After conditioning, the Li+/Li RE was replaced to Ag/Ag+ electrode to obtain a stable 
reference potential, i.e. independent of Li+ or K+ concentration. The FLG samples were 
characterized in 1 mL 0.1 M LiBF4 PC-EC solution and/or 0.1 M KPF6 PC-EC solution at 
various scan rates to examine the Li+ and K+ intercalation behavior. Samples shown in Figure 6.5 
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tested in multiple solutions were thoroughly rinsed six times with PC in between experiments to 
fully remove previous electrolyte. To exclude the effect of Ag+ contamination, a control 
experiment with Li or K metal as reference were tested (Figure 6.5).  
6.3.7. Galvanostatic Characterization 
Galvanostatic charge-discharge experiments of Li+ and K+ storage were tested at C rate 
range of 1 to 100 on 19.6 mm2 pre-conditioned FLGs using Ag/Ag+ reference electrode. Two 
separate FLG samples were used to obtain Li+ and K+ storage property, as shown in Figure 6.6. 
6.3.8. Computational Details 
We used a hybrid periodic unrestricted Density Functional Theory (UDFT) with 
dispersion-corrected density functional B3LYP-D2 level to study intercalation: UDFT-B3LYP-
D2, denoted DFT for short.16-21 This is as implemented in the ab initio CRYSTAL1411 suite 
code. Semiempirical Grimme’s (-D2) dispersion corrections were added in the calculations to 
incorporate van der Waals (vdW) dispersion interactions in the system.17-21,22-24 This level of 
theory is known to give correct electronic properties of 2D and 3D materials.20,23 Triple-zeta 
valence with polarization function quality (TZVP) basis sets were used for the C, Li, and K 
atoms.25 The threshold used for evaluating the convergence of the energy, forces, and electron 
density was 10-7 a.u. for each parameter for normal optimization. For frequency and Raman 
calculations, we used tight convergence criteria to reach at the optimize geometry, and the 
threshold used for evaluating the tight convergence of the energy, forces, and electron density 
was 10-11 a.u. for each parameter.  
Integration inside of the first Brillouin zone was sampled on a 15 × 15 × 1 
MonkhorstPack16 k-mesh grids for all the systems, with a resolution of ~2π × 1/60 Å-1 for both 
the optimization and vibrational analysis including Raman calculations. The height of the cell 
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was formally set to 500 Å, i.e. the vacuum region of approximately ∼500 Å was considered. The 
DFT S7 exchange-correlation contribution was evaluated by numerical integration over the unit 
cell volume. Radial and angular points of the integration grid were generated through Gauss-
Legendre radial quadrature and Lebedev two-dimensional angular point distributions.  
6.4. Results and Discussion 
6.4.1. Generating SEI for K+ Intercalation 
During the early stages of LIB cycling, a layer of decomposition products of solvent and 
electrolyte known as the solid-electrolyte interphase (SEI) forms on the anode surface.26,27 While 
this SEI layer is electronically passivating, preventing further solvent decomposition and Li 
plating, it remains ionically conductive, allowing for fast Li+ mobility.28 Therefore, this 
interfacial layer is crucial for stable intercalation in LIBs. As a comparison, pure K+ containing 
electrolyte leads to incomplete SEI coverage on KIB anodes,7 and the use of K+ additives in LIB 
anodes suppresses SEI growth.29 Poor SEI formation allows K metal plating on the electrode, 
leading to low cycling rates, capacity losses due to electrode exfoliation, and low cycling 
efficiency.5 To solve this problem, a high-performance K+ conductive SEI layer is required. In 
this study, we turn to ultrathin nanostructured electrodes of few-layer graphene (FLG)30 as model 
interfaces to elucidate and expand the possibilities of K+ intercalation. We show that a 
preconditioned SEI layer in Li+ containing electrolytes creates a beneficial environment for 
stable, reversible, and fast K+ intercalation in FLG with dramatic improvements in rate and 
cyclability. 
The FLG samples we used were grown using atmospheric pressure CVD and wet-
transferred to SiO2 chips to yield large-area electrodes.
31−33 As shown in Figure 6.7a, the sample 
consists of graphene islands ranging from 15 to 18 layers and a base of ∼3 layers of graphene. 
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The SEM image (Figure 6.7b) reveals a 1.7 ± 0.9 μm2 grain size of FLG crystals. This height 
distribution was confirmed by mapping of the G peak (1585 cm–1) of the FLG Raman spectra 
(Figure 6.8b). Increased layer number lead to increased G peak intensity (Figure 6.8c and Table 
5.1).34 The micron-sized dimension and the distribution of thick FLG islands ensures fast alkali 
ion transport within each domain.35 
We evaluated K+ intercalation into FLG via cyclic voltammetry (CV) in 0.1 M KPF6 in 
PC-EC (1:1 vol./vol.) solution to analyze the peaks corresponding to the progressive filling of 
graphene interlayers, i.e. ion-staging,30,36,37 and the identification of metal plating. Reported 
potentials are referenced to 0.1 M Li+/Li hereafter. When sweeping the potential of FLG negative 
in K+ containing electrolyte at 1 mVs–1 (Figure 6.9a trace-1), no K+ intercalation peaks were 
found. Instead, an irreversible reductive deposition process was observed (0.7 to 0.2 V) as 
indicated by the crossing of forward and backward traces.5 In contrast, when the solution was 
replaced with 0.1 M LiBF4 in PC-EC, the FLG displayed clear staging-type Li
+ intercalation 
behavior (Figure 6.9a trace-2).36 Direct K+ intercalation is not readily accessible in pristine FLG 
at the rates and conditions under which Li+ intercalation occurs. Since Li+ intercalation creates 
structural changes on graphitic anode,38 we expected that testing the previous electrode in 
K+ containing electrolyte would exhibit also K+ intercalation. However, further polarizing the 
FLG in 0.1 M KPF6 (Figure 6.9b trace-3) yielded only K plating and stripping. After this, Li
+ no 
longer intercalated into FLG (Figure 6.11b), with the electrode displaying Li plating and 
stripping as well (Figure 6.9b trace-4). Therefore, an SEI inherently formed in K+ containing 
electrolyte does not favor reversible intercalation behavior. 
Given our observation and recent reports that SEIs formed in K+ containing electrolytes 
lead to deficient intercalation properties,7,29 we hypothesized that a preformed Li+ based SEI 
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layer would benefit K+ intercalation. To accomplish this, the FLGs were preconditioned in 
LiBF4 solution to form a fully passivated SEI layer (Figure 6.4). Following this pretreatment, 
K+ intercalation peaks were now well-defined (Figure 6.9d). The similarities between Li+ and 
K+ intercalation signatures on preconditioned FLG suggests a comparable staging-type 
intercalation process. Comparing the Li+ and K+ signals, four groups of (de)intercalation peaks 
were identified (Table 5.2), which we attribute to phase transitions between the different 
intercalation stages.5,39 Galvanostatic charge–discharge at 10C (equivalent to 1 mVs–1 scan rate 
in CV) revealed similar ion storage properties for both Li+ and K+ (Figure 6.6). We define 1C-
rate as the full use of the FLG capacity during lithiation or potassiation in 1 h. Integrating the 
charge in Figure 6.9d, we found a Li+/K+ ratio of 1.33 and 1.32 for intercalation and 
deintercalation peaks, respectively (Table 5.2). This trend agrees with the stoichiometric changes 
between LiC6 and KC8,
40 which yields a theoretical ratio of 1.33. To confirm that Li+ and 
K+ were involved in distinct intercalation processes, in situ Raman measurements were obtained 
during each ion insertion (Figure 6.10).  
We attribute the reversible K+ intercalation behavior to the preconditioned Li+ based SEI 
layer on the FLG. As a comparison, insufficient conditioning with fewer cycles leads to 
incomplete coverage of the SEI and subsequent inhibition of K+ intercalation (Figure 6.9c). 
These experiments support the crucial role of the Li+ based SEI coverage for K+ intercalation and 
highlight the importance of forming a suitable layer from the beginning. The choice of the 
reference electrode does not affect the electrode behavior (Figure 6.12). Furthermore, the lack of 
noticeable intercalation response when using the bulky tetrabutylammonium cation (Figure 6.5) 
validates that the origin of observed staging-type peaks come from K+ uptake and not from the 
remaining Li+ in the preformed SEI.  
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6.4.2. Computational Results and Discussions 
To corroborate our experimental findings, we studied the Li+- and K+-intercalation 
systems, and we considered a periodic model system as shown in Figure 6.12. The intercalation 
process was described schematically in Figure 6.13a, and the different intercalation stages of 
Li+- and K+- intercalated four layers graphene (4LG) were shown in Figure 6.13b-c, 
respectively. To reduce the simulation complexity, the 4LG structure was considered as a host. 
The Stage 1 (fully lithiated graphene) is energetically more favorable than its potassiated 
counterpart, with an energy difference of 34.77 kcal mol-1 on a layer basis. This energy value is 
equivalent to 4.17 kJ mol-1 per alkali atom basis, or 43 mV for 1e- transfer which is consistent 
with the observed experimental value of ~120 mV potential difference between the main 
lithiation and potassiation peaks in Figure 6.9d. These calculated energy changes are consistent 
with the behavior observed in the CVs in Figure 6.9d, where a more negative potential is 
necessary to accomplish K+ intercalation. To elucidate the energetically favorable pathways of 
Li+ and K+ intercalation, we focused on the possible staging type motifs available to the system.  
Ab initio calculations were also used to compute Raman active frequencies at different 
intercalation stages of Li+ or K+ on a four-layer graphene (4LG) model system (Figure 6.10e-
bottom). Both methods agree well; a gradual displacement of the G peak was observed upon 
intercalation. The observable red shift can be explained by the intercalated ions inducing strain in 
the graphene.41 
We have calculated the vibrational spectra to obtain the Raman active frequencies and to 
estimate the Raman shift computationally. We found that the Raman shifts are in agreement with 




6.4.3. TOF-SIMS of Samples 
To further elucidate the role of the SEI layer on enabling facile K+ intercalation, we 
performed post experimental SEM and TOF-SIMS analysis. The entire surface of preconditioned 
FLG capable of intercalating K+ is covered by submicron sized SEI clusters (Figure 6.14a) with 
more than 200 nm thickness (Figure 6.14a inset), comparable to the binder free graphite SEI 
morphology.42 In contrast, FLG displaying a patchy surface as a result of insufficient SEI 
conditioning (Figure 6.14b) was prone to metal plating and instabilities at large negative 
electrode polarization (Figure 6.9c). In TOF-SIMS depth profiling, the coexistence of elemental 
Li and K was verified in preconditioned FLG that had undergone few K+ intercalation cycles 
(Figure 6.15). The presence of both alkali ions decreases at a similar fashion as the SEI was 
removed. An FLG sample cycled exclusively in LiBF4 showed near to zero K/Li ratio 
throughout. In contrast, FLG cycled 200 times in KPF6 led to a dramatic increase of atomic K, 
marked by a 23-fold rise in the K/Li ratio (Figure 6.14c inset). These observations support the 
idea that K+ diffused through the preformed Li+ based SEI. We hypothesize that the progressive 
substitution of Li+ with K+ in the SEI results in a favorable interface for K+ transport and 
provides a framework that supports reversible electrochemical intercalation of K+. 
6.4.4. Rate of Charge-Discharge 
A preconditioned SEI layer also promotes long-term K+ intercalation with a fully 
reversible behavior at the fast charge–discharge rate of 10C for at least 1000 cycles 
(Figure 6.16). Continuous K+ transport through the SEI likely leads to a gradual cationic 
substitution between Li+ and K+ during the first ∼100 cycles, resulting in a lower overpotential to 
intercalate K+ (Figure 6.16a, Figure 6.3). We postulate the decrease in (dis)charge capacities 
around the 800th cycle arises from changes in the electrolyte composition and accessible FLG 
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area on the open electrochemical cell used in this study over the 8 days of testing. The theoretical 
capacity of K+ uptake was estimated at 83.5 μC based on Li+ capacity (Figure 6.17). The 
majority of the charge–discharge cycles display capacities around the theoretical limit 
(Figure 6.16b). The capacity was also retained at 90.6% toward the 1000th cycle, with a 
Coulombic efficiency of 99.2 ± 0.8% throughout all cycles (Figure 6.16b). The CV features 
observed at 1 mV s–1 for the long-term cycling experiments compare positively against the best 
reported K+ intercalation CVs,9 performed at a scan rate 100 times slower than our work. Full 
capacity retention with discernible staging profile were further maintained at even faster scan 
rates up to 100 mVs–1 for both Li+ and K+ (Figure 6.16c and Figure 6.18), equivalent to charge–
discharge C-rates of 360. Galvanostatic charge–discharge results revealed similar fast cycling 
behavior (Figure 6.19). To the best of our knowledge, this is the fastest charge–discharge 
reported for K+ intercalation on a graphitic material. 
6.5. Conclusion 
 In summary, we explored the role of SEI preconditioning on FLG electrodes for 
K+ intercalation. Conditioning the FLG with a Li+ based SEI with full electrode coverage 
enabled well resolved staging-type K+ intercalation. This simple strategy enables the 
intercalation of K+ on graphitic materials at least 2 orders of magnitude faster than any published 
work, and with a near theoretical K+ storage. The preformed SEI layer further protects the FLG 
electrode for at least 1000 CV cycles, with distinctly observable intercalation stages and high 
capacity retention. Ion intercalation was confirmed via in situ Raman spectroscopy, while the 
K+ penetration through the SEI and Li/K ion exchange during cycling was confirmed by TOF-
SIMS analysis. This work highlights the functionality of the SEI on controlling alkali ion 
intercalation mechanisms and the versatility of large-area FLG electrodes for exploring 
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fundamental aspects of intercalation chemistry. We speculate that the SEI plays a prominent role 
in the electrochemical intercalation signatures and stability of a wide variety of mono or 
multivalent ions into carbon based anodes. This work shows a simple and attractive pathway 
toward electrode design for high-performance beyond Li-ion technologies. 
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6.7. Figures and Tables 
 
 





















Figure 6.2 Reference calibration. CVs of ferrocene at 12.5 µm Pt tip with saturated Ag+/Ag and 





























Figure 6.3 Peak potential shift for long-term cycling study in Figure 4 and reference stability. a, 
Example CV of long-term cycling. b, Peak potential changes of selected peaks in panel a 
throughout the 1000 cycles with linear fitting of two regimes. The reduced overpotential in 
earlier regime (less than 100 cycles) might correspond to the gradual substitution of Li+ to K+ 
during cycling. The smaller slope in later regimes is potentially caused by solvent evaporation 
and reference potential shift during 9 days of testing (13 mV throughout 1000 cycles). c, Overlay 
of 40 cycles ferrocene CVs at 12.5 µm Pt tip with saturated Ag+/Ag as reference electrode. 
Solution: 5 mM ferrocene in 0.1 M LiBF4 PC-EC. Scan rate: 1 mVs
-1. Overall, ~ 1 mV shift of 





















Figure 6.4 SEI conditioning methods. Cycling FLG sample in both SEI (3.2 to 0.5 V) and Li+ 
intercalation (0.5 to 0.04) regimes. The experiment was tested in 0.1 M LiBF4 in PC-EC, on a 4.9 





















Figure 6.5 CV of SEI conditioned FLG in different cation solutions. The experimental sequence 
is numbered in figure legend. All experiments were tested in 0.1 M LiBF4, 0.1 M KPF6 or 0.1 M 
TBAPF6 in PC-EC, on a 19.6 mm

















Figure 6.6 Galvanostatic charge-discharge results of Li+ and K+ on preconditioned FLG. a and 
d, 5 cycles charge-discharge voltage profiles of Li+ (a) and K+ (d) at 10C. b and e, 
Corresponding differential capacity plot of Li+ (b) and K+ (e). c and f, Cycling performance Li+ 


















Figure 6.7 Characterization of FLG. (a) The calculated graphene layer number distribution 





























Figure 6.8 Characterization of FLG. a, Optical transmittance microscope image of FLG at 561 
nm. b, Raman G peak intensity mapping of FLG. c, Average Raman spectra of selected areas in 
panel b. The calculated graphene layer number distribution shown in Figure 6.7a was 















































G 1588 63.6 31.9 
2.01 
2D 2699 31.7 85.1 
Bright Area 
G 1588 43.9 32.0 
1.60     
2D 2689 27.4 85.4 
 

























Figure 6.9 Effect of SEI conditioning in Li+ and K+ electrolytes. Panels a and b: sequential tests 
of pristine FLG with SEI initially formed in K+ containing solution at different degree of 
coverage. Panels c and d: same as panels a and b, but with SEI formed in Li+ containing 












Figure 6.10 Experimental and theoretical Raman spectra taken during Li- and K-ion 
intercalation. (a) Raman G peak position change during Li+ or K+ intercalation and its 
comparison with theoretical ab initio calculations. All experiments were tested in 0.1 M LiBF4 or 
0.1 M KPF6 in PC-EC, on 4.9 mm
2 FLG working electrode at 1 mVs–1.Panel b shows the case 
for Li+ intercalation with potentials corresponding to: 0.40, 0.30, 0.20, 0.15, 0.10, 0.075, 0.05, 
0.025 V from bottom to top.  Panel c shows the case for K+ intercalation with potentials 
corresponding to: 0.00, -0.05, -0.075, -0.10, -0.125, -0.15, -0.175, -0.20 V from bottom to top. 
All experiments were tested in 1 M LiBF4 or 1 M KPF6 in PC-EC, on a FLG working electrode 
















Figure 6.11 Zoom in at of Figure 2b trace-4. a, Same figure as Figure 2b. b, Zoom in of trace-4 




































Peak Potentials (V vs. Li+/Li) 
Peak # Liforward Libackward Kforward Kbackward Possible Transition a 
1 0.214 0.256 0.096 0.138 Dilute Stage 1 – Stage 4 
2 0.157 0.208 0.042 0.093 Stage 4 – Stage 3 
3 0.108 0.163 -0.016 0.046 Stage 3 – Stage 2 
4 0.073 0.117 -0.056 -0.002 Stage 2 – Stage 1 
Integrated Charge (× 10-6 C) 
 Li K Ratio 
Qintercalation 105.9 79.6 1.33 
Qde-intercalation 103.8 78.9 1.32 
a These transition assumption are based on previous study of Li+ intercalation on graphitic 
materials.1, 4 
 























Figure 6.12 Li+ and K+ intercalation behavior on pre-conditioned FLG using Li or K metal as 
reference. A pristine FLG was conditioned in Li+ containing electrolyte with Li strip as reference 
and counter electrode. The Li+ intercalation behavior is shown in panel a. After that, the K+ 
intercalation behavior was tested with K strip as reference and counter electrode, as shown in 
panel b. All experiments were tested in 0.1 M LiBF4 or 0.1 M KPF6 on a 4.9 mm
2 FLG working 

















Figure 6.13 a, Schematic presentation of Li and K intercalation over four-layer graphene (4LG) 
which was considered in our computation. b, and c show different intercalation stages of Li and 













Figure 6.14 Post experimental SEM and TOF-SIMS analysis. (a) SEM image of FLG with 
stable K+ intercalation performance. Inset: cross sectional image of same sample. (b) SEM image 
of FLG which exhibit K plating. (c) TOF-SIMS depth profiling results of FLG with full 
Li+ based SEI conditioning and exposure to few cycles in K+ containing electrolyte. Inset: K/Li 




Figure 6.15 TOF-SIMS depth profiling results of FLG under different experimental conditions. 
a, FLG samples just conditioned in LiBF4 solution. b, FLG samples with full SEI passivation and 
tested for 200 K+ intercalation cycles in KPF6 solution. c-e, TOF-SIMS spectra of FLG samples 









Figure 6.16 Long-term cycling and fast scan properties. (a) Long-term cycling study of 
K+ intercalation on FLG for 1000 cycles at 1 mV s–1. (b) Charge–discharge capacities under all 
(de)intercalation peaks and Coulombic efficiencies. The theoretical capacity is indicated by the 
dashed line. (c) Li+ and K+ charge capacities at various scan rates up to 100 mV s–1. Each scan 
rate condition was tested for 20 cycles. All experiments were tested in 0.1 M LiBF4or 0.1 M 
KPF6 in PC-EC, on 4.9 mm
2 FLG working electrode at 1 mV s–1 (panel a) or varies scan rates 
























Figure 6.17 CV of Li+ intercalation (dashed line) and selected cycles in K+ long term cycling 
(solid lines) at equivalent charge-discharge rate of 10C. All experiments were tested in 0.1 M 
LiBF4 or 0.1 M KPF6 in PC-EC, on a 4.9 mm
























Figure 6.18 Li+ (a) and K+ (b) intercalation behavior at various scan rates from 1 mVs-1 to 100 
mVs-1. All experiments were tested in 0.1 M LiBF4 or 0.1 M KPF6 in PC-EC, on a 4.9 mm
2 FLG 
working electrode. The theoretical capacity for our electrodes was estimated at 111 µC obtained 
from the Li+ capacity. Based on the proposed stoichiometric change of stage-1 intercalation 
compound from LiC6 to KC8, our FLG samples were capable of 83.5 µC K





























Figure 6.19 Galvanostatic charge-discharge results of Li+ on preconditioned FLG. a, charge-
discharge voltage profiles of Li+ at various C-rate up to 100. b, Corresponding differential 
capacity plot of panel a. c, Cycling performance Li+ intercalation at various C-rate. Dashed line 






































(1)  Taylor, S. R., Abundance of Chemical Elements in the Continental Crust - a New Table. 
Geochim. Cosmochim. Acta 1964, 28, 1273-1285. 
(2)  Nossol, E.; Souza, V. H. R.; Zarbin, A. J. G., Carbon Nanotube/Prussian Blue Thin Films 
as Cathodes for Flexible, Transparent and ITO-Free Potassium Secondary Battery. J. 
Colloid Interface Sci. 2016, 478, 107-116. 
(3)  Wessells, C. D.; Peddada, S. V.; Huggins, R. A.; Cui, Y., Nickel Hexacyanoferrate 
Nanoparticle Electrodes for Aqueous Sodium and Potassium Ion Batteries. Nano Lett. 
2011, 11, 5421-5425. 
(4)  Matsuura, N.; Umemoto, K.; Takeuchi, Z., Standard Potentials of Alkali-Metals, Silver, 
and Thallium Metal-Ion Couples in N,N'-Dimethylformamide, Dimethyl-Sulfoxide, and 
Propylene Carbonate. Bull. Chem. Soc. Jpn. 1974, 47, 813-817. 
(5)  Komaba, S.; Hasegawa, T.; Dahbi, M.; Kubota, K., Potassium Intercalation into Graphite 
to Realize High-Voltage/High-Power Potassium-Ion Batteries and Potassium-Ion 
Capacitors. Electrochem. Commun. 2015, 60, 172-175. 
(6)  Luo, W.; Wan, J. Y.; Ozdemir, B.; Bao, W. Z.; Chen, Y. N.; Dai, J. Q.; Lin, H.; Xu, Y.; 
Gu, F.; Barone, V.; Hu, L. B., Potassium Ion Batteries with Graphitic Materials. Nano 
Lett. 2015, 15, 7671-7677. 
(7)  Xing, Z. Y.; Qi, Y. T.; Jian, Z. L.; Ji, X. L., Polynanocrystalline Graphite: A New Carbon 
Anode with Superior Cycling Performance for K-Ion Batteries. ACS Appl. Mater. 
Interfaces 2017, 9, 4343-4351. 
(8)  Jian, Z. L.; Luo, W.; Ji, X. L., Carbon Electrodes for K-Ion Batteries. J. Am. Chem. Soc. 
2015, 137, 11566-11569. 
164 
 
(9)  Zhao, J.; Zou, X. X.; Zhu, Y. J.; Xu, Y. H.; Wang, C. S., Electrochemical Intercalation of 
Potassium into Graphite. Adv. Funct. Mater. 2016, 26, 8103-8110. 
(10)  Vaalma, C.; Giffin, G. A.; Buchholz, D.; Passerini, S., Non-Aqueous K-Ion Battery 
Based on Layered K0.3MNO2 and Hard Carbon/Carbon Black. J. Electrochem. Soc. 2016, 
163, A1295-A1299. 
(11)  Jian, Z. L.; Xing, Z. Y.; Bommier, C.; Li, Z. F.; Ji, X. L., Hard Carbon Microspheres: 
Potassium-Ion Anode Versus Sodium-Ion Anode. Adv. Energy Mater. 2016, 6. 
(12)  Barton, Z. J.; Hui, J.; Schorr, N. B.; Rodríguez-López, J., Detecting Potassium Ion 
Gradients at a Model Graphitic Interface. Electrochim. Acta 2017, 241, 98-105. 
(13)  Share, K.; Cohn, A. P.; Carter, R.; Rogers, B.; Pint, C. L., Role of Nitrogen-Doped 
Graphene for Improved High-Capacity Potassium Ion Battery Anodes. ACS Nano 2016, 
10, 9738-9744. 
(14)  Ju, Z. C.; Zhang, S.; Xing, Z.; Zhuang, Q. C.; Qiang, Y. H.; Qian, Y. T., Direct Synthesis 
of Few-Layer F-Doped Graphene Foam and Its Lithium/Potassium Storage Properties. 
ACS Appl. Mater. Interfaces 2016, 8, 20682-20690. 
(15)  Share, K.; Cohn, A. P.; Carter, R. E.; Pint, C. L., Mechanism of Potassium Ion 
Intercalation Staging in Few Layered Graphene from in Situ Raman Spectroscopy. 
Nanoscale 2016, 8, 16435-16439. 
(16) Becke, A. D., Density‐Functional Thermochemistry. III. The Role of Exact Exchange. J. 
Chem. Phys. 1993, 98, 5648-5652. 
(17)  Grimme, S., Semiempirical GGA-Type Density Functional Constructed with a Long-
Range Dispersion Correction. J. Comput. Chem. 2006, 27, 1787-1799. 
165 
 
(18)  Grimme, S., Density Functional Theory with London Dispersion Corrections. WIREs 
Comput. Mol. Sci. 2011, 1, 211-228. 
(19)  Lee, C. T.; Yang, W. T.; Parr, R. G., Development of the Colle-Salvetti Correlation-
Energy Formula into a Functional of the Electron-Density. Phys. Rev. B 1988, 37, 785-
789. 
(20)  Lei, Y.; Pakhira, S.; Fujisawa, K.; Wang, X. Y.; Iyiola, O. O.; Lopez, N. P.; Elias, A. L.; 
Rajukumar, L. P.; Zhou, C. J.; Kabius, B.; Alem, N.; Endo, M.; Lv, R. T.; Mendoza-
Cortes, J. L.; Terrones, M., Low-Temperature Synthesis of Heterostructures of Transition 
Metal Dichalcogenide Alloys (WxMo1-xS2) and Graphene with Superior Catalytic 
Performance for Hydrogen Evolution. ACS Nano 2017, 11, 5103-5112. 
(21)  Pakhira, S.; Sen, K.; Sahu, C.; Das, A. K., Performance of Dispersion-Corrected Double 
Hybrid Density Functional Theory: A Computational Study of OCS-Hydrocarbon van der 
Waals Complexes. J. Chem. Phys. 2013, 138, 164319. 
(22)  Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H., A Consistent and Accurate Ab Initio 
Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 
Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. 
(23)  Pakhira, S.; Lucht, K. P.; Mendoza-Cortes, J. L., Iron Intercalation in Covalent-Organic 
Frameworks: A Promising Approach for Semiconductors. J. Phys. Chem. C 2017, 121, 
21160-21170. 
(24)  Pakhira, S.; Sahu, C.; Sen, K.; Das, A. K., Can Two T-Shaped Isomers of OCS-C2H2 van 
der Waals Complex Exist? Chem. Phys. Lett. 2012, 549, 6-11. 
166 
 
(25)  Peintinger, M. F.; Oliveira, D. V.; Bredow, T., Consistent Gaussian Basis Sets of Triple-
Zeta Valence with Polarization Quality for Solid-State Calculations. J. Comput. Chem. 
2013, 34, 451-459. 
(26)  Agubra, V. A.; Fergus, J. W., The Formation and Stability of the Solid Electrolyte 
Interface on the Graphite Anode. J. Power Sources 2014, 268, 153-162. 
(27)  Kong, F.; Kostecki, R.; Nadeau, G.; Song, X.; Zaghib, K.; Kinoshita, K.; McLarnon, F., 
In Situ Studies of SEI Formation. J. Power Sources 2001, 97-8, 58-66. 
(28)  Verma, P.; Maire, P.; Novák, P., A Review of the Features and Analyses of the Solid 
Electrolyte Interphase in Li-Ion Batteries. Electrochim. Acta 2010, 55, 6332-6341. 
(29)  Chandrasiri, K. W. D. K.; Nguyen, C. C.; Zhang, Y. Z.; Parimalam, B. S.; Lucht, B. L., 
Systematic Investigation of Alkali Metal Ions as Additives for Graphite Anode in 
Propylene Carbonate Based Electrolytes. Electrochim. Acta 2017, 250, 285-291. 
(30)  Hui, J.; Burgess, M.; Zhang, J.; Rodríguez-López, J., Layer Number Dependence of Li+ 
Intercalation on Few-Layer Graphene and Electrochemical Imaging of Its Solid–
Electrolyte Interphase Evolution. ACS Nano 2016, 10, 4248-4257. 
(31)  Cristarella, T. C.; Chinderle, A. J.; Hui, J.; Rodríguez-López, J., Single-Layer Graphene 
as a Stable and Transparent Electrode for Nonaqueous Radical Annihilation 
Electrogenerated Chemiluminescence. Langmuir 2015, 31, 3999-4007. 
(32)  Hui, J.; Pakhira, S.; Bhargava, R.; Barton, Z. J.; Zhou, X.; Chinderle, A. J.; Mendoza-
Cortes, J. L.; Rodríguez-López, J., Modulating Electrocatalysis on Graphene 
Heterostructures: Physically Impermeable yet Electronically Transparent Electrodes. ACS 
Nano 2018, 12, 2980-2990. 
167 
 
(33) Hui, J.; Zhou, X.; Bhargava, R.; Chinderle, A.; Zhang, J.; Rodríguez-López, J., Kinetic 
Modulation of Outer-Sphere Electron Transfer Reactions on Graphene Electrode with a 
Sub-Surface Metal Substrate. Electrochim. Acta 2016, 211, 1016-1023. 
(34)  Graf, D.; Molitor, F.; Ensslin, K.; Stampfer, C.; Jungen, A.; Hierold, C.; Wirtz, L., 
Spatially Resolved Raman Spectroscopy of Single- and Few-Layer Graphene. Nano Lett. 
2007, 7, 238-242. 
(35)  Levi, M. D.; Aurbach, D., Diffusion Coefficients of Lithium Ions During Intercalation 
into Graphite Derived from the Simultaneous Measurements and Modeling of 
Electrochemical Impedance and Potentiostatic Intermittent Titration Characteristics of 
Thin Graphite Electrodes. J. Phys. Chem. B 1997, 101, 4641-4647. 
(36)  Levi, M. D.; Aurbach, D., Simultaneous Measurements and Modeling of the 
Electrochemical Impedance and the Cyclic Voltammetric Characteristics of Graphite 
Electrodes Doped with Lithium. J. Phys. Chem. B 1997, 101, 4630-4640. 
(37)  Lopez, J. L. L.; Grandinetti, P. J.; Co, A. C., Enhancing the Real-Time Detection of 
Phase Changes in Lithium-Graphite Intercalated Compounds through Derivative 
Operando (dOp) NMR Cyclic Voltammetry. J. Mater. Chem. A 2018, 6, 231-243. 
(38)  Dahn, J. R., Phase-Diagram of LixC6. Phys. Rev. B 1991, 44, 9170-9177. 
(39)  Eftekhari, A.; Jian, Z. L.; Ji, X. L., Potassium Secondary Batteries. ACS Appl. Mater. 
Interfaces 2017, 9, 4404-4419. 
(40)  Wang, Z. H.; Selbach, S. M.; Grande, T., Van der Waals Density Functional Study of the 
Energetics of Alkali Metal Intercalation in Graphite. RSC Adv. 2014, 4, 4069-4079. 
168 
 
(41)  Zou, J.; Sole, C.; Drewett, N. E.; Velický, M.; Hardwick, L. J., In Situ Study of Li 
Intercalation into Highly Crystalline Graphitic Flakes of Varying Thicknesses. J. Phys. 
Chem. Lett. 2016, 7, 4291-4296. 
(42)  Nie, M. Y.; Chalasani, D.; Abraham, D. P.; Chen, Y. J.; Bose, A.; Lucht, B. L., Lithium 
Ion Battery Graphite Solid Electrolyte Interphase Revealed by Microscopy and 

































CHAPTER 7:  
Outlook 
7.1. Abstract 
This chapter is dedicated to recent and ongoing unpublished experiments in the 
laboratory, as well as potential future work. Each section of this chapter focuses on a different 
avenue of research. The described research and proposed work may not represent the complete 
account of the project, but offers a perspective and interpretation of results as a basis for 
continued work. Dr. Elena Montoto and Michael Counihan were responsible for substrate 
fabrication in section 7.2. Gold nanoparticle synthesis and SERS substrate fabrication in section 
7.3 was done by Matthew Gole in the laboratory of Professor Murphy. All other work was 
performed by Noah B. Schorr in the laboratory of Professor Rodríguez-López. 
7.2. Catalytic Behavior of Redox Active Polymers 
 Redox active polymers (RAPs) with viologen pendants, similar to the RACs described in 
Chapter 3, are known to have electrochemical reactivity dependent on the concentration of 
supporting electrolyte.1 Using this concept, we wanted to determine if the catalytic oxygen 
reduction reaction (ORR) behavior of viologen-based RAPs (vRAPs) could be modulated via the 
polyelectrolyte dynamics. When viologen is reduced in the presence of O2 the viologen is 
oxidized by O2, generating an O2 radical (O2·). If this reaction occurs in a solution containing 
hydronium molecules the O2· will scavenge two protons and form H2O2.
2  
 To ascertain if the concentration of electrolyte affects the ORR process, vRAPs were 
electrochemically deposited on an 80 μm-diameter octagon of indium tin oxide (ITO) (Figure 
7.1A). The films were then probed using the substrate generation tip collection (SGTC) mode of 
170 
 
SECM, sweeping to reductive potentials of the film and collecting produced H2O2 with the tip, 
under conditions of 10 mM, 100 mM, and 1 M of the electrolyte, KNO3. By using films with 
dimensions on the same area magnitude of the SECM probe (25 μm diameter), the number of 
electrons transferred (n) can be quantified by using the equation:  
 
Where isub is the substrate current, itip is the probe current, and CE
max, is the maximum collection 
efficiency which can be found using the geometry of the tip and substrate, and the distance the 
tip is from the substrate.3 
 From the tip and substrate current readout during SGTC, there is a clear negative shift in 
the potentials with increasing electrolyte concentration (Figure 1B). This behavior was also 
found to be reversible, where decreasing the KNO3 concentration caused a positive shift in 
potential (Figure 1C). To determine if the shift in potential was caused by a change in the 
mechanism of the reactions, n was calculated for each case. Formation of H2O2 from O2 involves 
a two electron reduction pathway, so if n deviates from two under certain concertation regimes 
the mechanism of the reaction is being modulated by the supporting electrolyte. In the case of the 
vRAP films we studied there was no apparent change in n with change in concentration.  
 To confirm there was no change in mechanism, in situ Raman experiments were 
conducted. A negative potential was applied to the film to reduce the viologen pendants, then the 
potential was stopped, allowing O2 to oxidize the film, while continuous spectra were acquired 
during this entire process (Figure 7.2). For each electrolyte concentration, the oxidation process, 
seen as a decrease in the Raman intensity, followed a similar profile. This suggests that O2 
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maintains a consistent reaction mechanism with the vRAP film, regardless of the amount of 
electrolyte present.  
7.3. Graphene with Underlayer Nanoparticles as a SERS Substrate 
 The largest hindrance to using Raman spectroscopy as half of the multimodal Raman-
SECM is that Raman scattering is an inherently inefficient process leading to low intensity 
signals.4 One way to overcome this is to increase the signal through surface-enhanced Raman 
spectroscopy (SERS). By using nanopatterned or nanoparticle materials, typically gold or silver, 
an incident electric field can be amplified through the generation of localized surface plasmon 
resonance on the nanoscale features.5 The enhancement by SERS may up to ~1010 allowing for 
small concentrations to be probed, down to the single molecule,6 and for fast data acquisition. 
These desirable aspects of SERS led us to incorporate nanoparticle-decorated substrates to study 
transient species and structural properties of electrode interfaces.  
 Graphene-covered nanoparticles have previously been reported to work as SERS 
substrates,7 allowing for protection of the nanoparticles from solution and the use of graphene as 
an electrode. We learned from our endeavors described in Chapter 5, where we fabricated 
substrates consisting of gold nanoparticles (AuNPs) covered by a layer graphene, that the 
combination of using a laser excitation frequency that overlaps with the absorption band of the 
AuNPs leads to photothermal heating, making the probing of interfacial reactions complicated. 
To avoid this scenario, we have adjusted our experimental procedure to investigate surface 
features.  
 By switching to silver nanoparticles (AgNPs) we can use the 532 nm laser of the Raman-
SECM setup without absorption overlap. To ensure were are able to obtain a SERS spectrum, we 
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fabricated substrates of monolayer AgNPs, in the same fashion as the AuNP arrays in Chapter 5, 
and dropcast on 10 mM 4-mercaptopyridine (4MPy) which has a pH-dependent SERS 
spectrum.8 After rinsing the substrate to remove excess 4MPy, spectra were taken under varying 
pH conditions (Figure 7.3). The intensity of the 1585 and 1615 cm-1 peaks were found to be pH 
sensitive, as previously reported, validating the ability of collecting SERS spectra with the 
Raman-SECM setup. While these substrates did not include a layer of graphene, these results 
support a sublayer of AgNPs beneath graphene should work as a SERS substrate for future 
experiments. 
 Additionally, we were also able to demonstrate that AuNPs under a layer of graphene 
serve as a valuable SERS substrate. A single layer of graphene was transferred on top of 20 nm 
polyethylene glycol-capped AuNPs dropcast onto a Si wafer. A solution of 1mM 
2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphine iron(III) chloride (FeOEP) in tetrahydrofuran 
(THF) was then dropcast onto the substrate, allowed to dry, then rinsed with THF to remove any 
FeOEP not adsorbed to the graphene surface, leaving approximately a monolayer of FeOEP. We 
then probed the FeOEP-Graphene-AuNP substrate and a control of only dropcast AuNPs with a 
633 nm HeNe laser of a Horiba Raman microscope. A large amplification of the FeOEP signal is 
seen when regions of the substrate were probed with underlayer AuNPs (Figure 7.4A). This 
signal did not arise from the AuNPs without FeOEP as seen in Figure 7.5B, validating the SERS 
effect is responsible for the enhancement in the collected spectrum. Next, we plan to monitor the 
SERS signal in situ during electrochemical measurement of the FeOEP modified substrates. 
7.4. Possible Raman-SECM Upgrades 
 While each iteration of the Raman-SECM described in Chapter 2 was an improvement 
upon the previous setup, there are still steps that could be taken to improve the instrument. Each 
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of the three modifications of the setup described here can be implemented independently. Future 
Raman-SECM users must determine if the experiments they are conducting necessitate any of 
the subsequent changes.  
 Adding a second laser excitation source, such as a HeNe laser, would allow a larger 
catalogue of species to be probed, and to increase the likelihood of performing resonance Raman 
experiments. The laboratory already has bandpass and notch filters suitable for a 633 nm 
wavelength source, so only a new long pass dichroic would need to be acquired. Then the new 
laser line only has to be aligned through the previously established optics.  
 If a new stage was purchased that allowed for z-positioning, along with smaller 
movement in the x-y direction than currently capable by the CHI stepper motors, the resolution 
of simultaneous Raman-SECM imaging can be improved. This would also enable the x-y stepper 
motors of the SECM to be recombined with the z-stepper motor, allowing the positioning of the 
SECM tip to the laser spot without relying on manually moving micropositioners. A mechanized 
motorized mount for the optical system would also achieve defter maneuverability without the 
reliance on manual positioning. 
 By changing the current spectrometer for a modifiable spectrograph (monochromator 
with a grating and coupled CCD detector) the quality of data will be improved in multiple ways. 
Fist, the light would be directed into the detector without the aid of a fiber optic. Removing the 
need for a fiber optic, which attenuates the intensity of the light, a higher signal to noise would 
be achieved. Second, a monochromator with an adjustable slit, high number of grooves per mm 
diffraction grating, and high pixel number CCD detector would increase the spectral resolution. 
Third, a modifiable detection system would enable the measurement of anti-Stokes scattered 
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light, currently undetectable by the current spectrometer, and would permit for any further 
changes the experimenter wishes to pursue.  
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Figure 7.1 Electrochemistry of vRAP film, conditions: 12.5 um Pt UME, Ag/AgCl Reference, Pt 
counter. (A) Top, vRAP deposited on exposed ITO octagon. Inset shows vRAP structure. 
Bottom, SECM image of film deposited in A. (B) Top plot shows substrate and tip current for 
SGTC process in electrolyte concentration indicated above plot. Bottom plot shows 
corresponding n calculated from tip and substrate currents for each concertation. (C) SGTC for 












Figure 7.2 Raman spectra taken during reduction and oxidation of vRAP film. (A) Spectra taken 
during 8 s reduction then oxidation of film by O2. Blue spectrum indicates start of oxidation by 
O2. (B) Intensity of 1531 cm
-1 peak of viologen spectra during reduction and oxidation. Dashed 












Figure 7.3 SERS spectra of 4MPy taken under three different pH conditions with 532 nm laser 
excitation. Structures show the protonated and deprotonated 4MPy structures, color coordinated 













Figure 7.4 Spectra taken with 633 nm excitation of various substrates. (A) Blue, spectrum taken 
with FeOEP on graphene over AuNPs. Red, spectrum taken of FeOEP on graphene. FeOEP 
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APPENDIX A:  
Specific Part Numbers for Optical System 
 
A.1 Tables of Components for Optical System 
 
Item Part Number 
Threaded 30 mm cage plate CPO2 
Cage assembly rod for 30 mm cage system ER4 
30 mm cage system adjustable mechanical slits VA100 
Standard retaining ring  SM1RR 
Ø1" Stackable Lens Tubes SM1L10 
Ø1/2" Stainless Steel Optical Posts TR4 
Standard Ø1/2" Post Holders PH4 
Threaded Kinematic Mount for Thin Ø1" Optics KM100T 
45° Mount for Ø1" Optics H45 
Mounting Base BA1 
Pedestal pillar post, 1/4"-Taps RS2P 
SMA Fiber Adapter Plate with External Threads SM1SMA 
High-precision rotation mount PRO1/M 
30 mm Cage-Compatible Rotation Adapter for PR01/M Stage CRA30/M 
CCD Camera  DCU223C 
Adapter for camera with external threads SM1A39 
30 mm Cage XY Translator for Ø1" Optics CXY1 
25 mm XYZ Translation Stage with Standard Micrometers PT3/M 
Ø1" N-BK7 Bi-Convex Lenses LB1757-A 
Table A.1 Components purchased from Thorlabs. Items purchased in multiple lengths (e.g. 
assembly rod, lens tube) only have the part number for one size listed. 
 
Item Part Number 
Brightline® bandpass filter FFO1-532/2-25 
StopLine® notch filter  NF01-532U 
535 BrightLine® SWP dichroic beamsplitter (short pass) FF535-SDi01 
532nm RazorEdge® dichroic beamsplitter filter (long pass) LPD02-532RU 
Table A.2 Optics purchased from Semrock.  
 
Item Part Number 
Solid-state green laser 532nm 85-GCA-020 
Table A.3 Laser purchased from Melles Griot.  
 
Item Serial Number 
QE Pro-Raman spectrometer QEPOO747 
Table A.4 Spectrometer purchased from Ocean Optics.  
 
 
